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rotary blast hole drill—now working : Bokhal 


On the N.C.D.C. project, 
FLEXIBLE-POWERFUL 
unique 40-R guarantees 
continous progress and 
economy with its exclusive 
features 


1. Diesel Electric Drive with 
Ward Leonard Electric 
Control 


2. Variable drilling speed— 
and variable down pressure 
3. Speeds from 5-110 r.p.m 
can be varied instantly even 
during drilling operation 

4. Drill pipe sections are 
removed/added mechanically 
in less than a minute through 
remote control 


5. Cuttings from hole are 
automatically removed 
as drilling progresses 


6. Removal of cuttings is 
balanced with speed of 
penetration to ensure 
maximum drilling progress 


7. Highly maneuverable— 
despite its weight of 40 tons 


igs ivy B, 
THESE AND MANY MORE ADVANTAGES WiTH 4 


BOMBAY + MADRAS - NEW DELHI: 
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10 million kVA 


is the output of the waterwheel 
generators which the 
. Siemens-Schuckertwerke have 
supplied or are manufacturing for 
installations in Germany and 

abroad. These include units with 
ratings up to 175.000 kVA. 

We undertake the planning and 
design, consulting service and con- 
struction supervision of complete 
hydroelectric power plants and supply 
the entire electrical equipment from 
our Own production. 





The curve shows the steep rise 
in the number of orders placed with us 
for waterwheel generators : io 
in the last 60 years. \ teas 
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SIEMENS-SCHUCKERTWERKE AKTIENGESELLSCHAFT 


BERLIN +: ERLANGEN 
Sole Representatives 


SIEMENS ENGINEERING & MANUFACTURING CO. OF INDIA PRIVATE LTD. 


BOMBAY + CALCUTTA - NEW DELHI + MADRAS + BANGALORE - AHMEDABAD - VISAKHAPATNAM 
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KOYNA .- India 

4 vertical-shaft Pelton turbines 
Output 72 500 kW - head 506m 
Speed 300 rpm 


2e60 


Hydraulic and mechanical equipment for power stations and dams. 
« Neyrfor » drilling equipment. Hydrodynamic transmissions. High-output 
fans (Stork licence). Hydraulic conveying and grading plant. Mecha- 


nically synchronised hydraulic bending presses. Equipment 
for irrigation and water supply systems. Wind-driven 
machinery. Hydraulic measuring equipment. Equipment for 
hydraulics laboratories. Special equipment for nuclear 
engineering. Assembling, welding and machining of large 
and complicated components. 


GRENOBLE Avenue de Beauvert PARIS XVI_ 2-10 Rue Bellini 
Téléphone: 44 55-30 





Téléphone: PAS 51-09 


SPECIALISTS IN LIGHT AND HEAVY 


ENGINEERING 
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= The House of Dependability... 





























VITAL ROLE IN Andhra State: Nagarjunasagar 
-Mach Kund-ACC *M 
INDIA’S PROJECTS... co 7. — 
Magnesite —Kundah * Kerala 
pe N State: Neyyat Dam *®Bombay 
B K.KHANNA 
~ Ghod — Mahi —Girna —Purna 
-Borad ®Madhya Pradesh 
State: Bhilai Steel — Chambal 
a * ® —PWD-Hindustan Construction 
& CONSULTING ENGINEERS — ~Sindri-NcDc -Dvc-TATA 
—Indian lron—Indian Aluminium 
HOUSE “STREET, Bhakra Nangal — Ferozepur 
~— Irrigation — ACC. *Jammu & 
~Govt. Cement—Nanak Sagar 
~ Irrigation Orissa State: | 


PLAYING A 
State: Tungabhadra ~ Bhadra 
’ Reservoir-Saraswati # Madras 
State: Port Trust — Salem 
State: ACC—Port Trust— Naval 
Dockyard — Vir — Koyna — Mula 
-ACC— Elect. Board Bihar 
MACHINERY DISTRIBUTORS State: Kosi — Badua —Hatia | 
14F, CONNAUGHT PLACE, % West Bengal State: Kangsabati 
— Durgapur * Punjab State: 
Kashmir State: Govt. Irrigation 
* Uttar Pradesh State: Rihand 
Hirakud — Rourkela ’ 
*#And Many Others. 





eae for KNOW-HOW 
SPARES and SERVICE” 





EARTH MOVING AND CONSTRUCTION EQUIPMENT OF ALL TYPES 
PRINCE dih PBK 60/2 
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Where heavyweights move, job records prove... 


FIRESTONE PULLS COSTS DOWN! 


Take a tip from world-wide construction records —- use Firestone and lower your 
tyre costs on every project! 


Here's why: Firestone Rock Grip Excavator tyres and Firestone Ground Grip 
Earthmover tyres of sizes 18.00 and above, made in India, have NYLON cord 
bodies. This keeps impact damage to the minimum. } 


ADDITIONALLY, the Firestone factory retreading programme enables you to 
have worn-down, but undamaged, carcasses retreaded by Firestone in Bombay 
at a fraction of the original tyre cost. The NYLON cord body is strong enough 
to outlast the first tread. Retread—and cut costs! 


WHEN ORDERING NEW EQUIPMENT ALWAYS SPECIFY— 


Firestone 





Rock Grip Ground Grip 
€xcavator Earthmover 








N. 36 
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WHY MACHINES 
ROLL BETTER ON 
TIMKEN BEARINGS 


1. TAPERED DESIGN enables Timken tapered roller bear- 
ings to take any combination of radial and thrust loads. 


2. POSITIVE ALIGNMENT. Wide-area contact between roll- 
ers and cone rib keeps Timken bearings in positive 
alignment. 


3. FULL-LINE CONTACT between rollers and races gives 
Timken bearings extra load-carrying capacity. 





4. PRECISION MANUFACTURE. Timken bearings are avail- 
able with run-out tolerances of as little as 75 millionths of 
an inch. 


5. SOFT STEEL CAGE separates rollers, prevents scuffing. 
6. MICRO-INCH FINISH practically eliminates friction. 


7. PERFECT ROLLER MATCH—to within 125 millionths 
of an inch. 


All these advantages are yours when you use Timken bear- 
ings. And you get the kind of engineering service that no 





other bearing maker can give. Specify Timken bearings on 
all the machines you build or buy. The Timken Roller 
Bearing Company, Canton 6, Ohio, U.S.A. Cable address : 
*“*TIMROSCO”’. Timken bearings manufactured in Australia, 
Brazil, Canada, England, France and U.S.A. 


Industry rolls on 


#STIMKEN 


REGISTERED TRADE-MARK 


tapered roller bearings 
Representative ; Muller & Phipps (India) Private Ltd. « Bombay e Madras « New Delhi. 


NATIONAL-CL9-761 
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ATLAS COPCO 
AIR COMPRESSOR 


Atlas Copco AR type compressors give more 
air to the horse power than any other 
machine, and reduce fuel consumption to the 
minimum. Extremely rugged in construc- 
tion, these heavy duty stationary air com- 
pressors are easily adapted to variations in 
air demand. 


OTHER FEATURES: 
* Low speed 

* Low lubricating oil consumption 
* Continuous service for even three shifts 
without the slightest loss of efficiency 














Enquiries to: 


VULCAN TRADING 
CO. (private) LTD. 


19 British Indian Street, Calcutta. 
Other Offices at: Bombay Madras New Delhi 









VTC-29 





Lloyowo0l 
FOR HEAT & COLD INSULATION 


Fuel wastage?...Greater coal, oil 
and electricity consumption?...Higher power 
costs? Lloydwool Insulation is the answer! 
Lloydwool insulation carefully felted and secured 
with metal fabrics, insures greatest possible conserva- 
tion of heat...saves wasted power. Eliminate waste 
and improve profits with Lloydwool—the permanent 
insulation material! 




























Extensively used for 
Boilers and Steam Pipes + Sugar Mills * Industrial 
Furnaces * Chemical Plants and Tanks * Ovens 
Oil Refinery Towers + Gas plants + Ships * Railway 
Carriages * Locomotives * Refrigeration plants 
Chilled water pipes + Air-conditioning Ducts. 


Proven Lloydwool insulation improves 
productivity...increases profits ! 














Advice and information from: 
Lloyd Insulations (New Delhi): 
M-13, Connaught Circus, New Delhi. Tel: P.B.X. No. 44383 
Lloyd Insulations (Calcutta): 
5, Clive Row, Calcutta. Tel: 22-7479 
Lioyd Insulations (Madras): 
- Best & Co. Bidg. 13/15, North Beach Road, Madras |. Tel: 21231-8 
es ae Latham Abercrombie & Co. Private Ltd. 
Forbes Bidg. Home Street, Bombay |. Tel: 268081 


LweG.52 
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Building Big Generators for Big Jobs! 








The generator on the right is the second 
largest of its type in the world. It was built 
by Toshiba for installation at Japan’s new 
development project, the Okutadami Power 
Station. It generates 133,000 kVA and was 

| designed big to do a big job. For information 
about this or any other type of equipment 
necessary for generating or transmitting electric 


power, be sure to consult Toshiba. 


TOKYO SHIBAURA ELECTRIC CO., LTD. 


2, Ginza Nishi 5-chome, Chuo-ku, Tokyo, Japan. Cable: TOSHIBA TOKYO 
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ISCON 


INDIAN STEELWORKS CONSTRUCTION CO. LTD. 


PSIC 18 
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Indo-British co-operation at 
Durgapur is building a modern 
integrated steelworks for India, 
with a production capacity of 
one million ingot tons and 
Provision for a greater output 
under the Third Plan. In this 
enterprise, thirteen leading 
companies of Britain's 
steelworks engineering industry, 
working jointly as ISCON, 
have made available their 
technical know-how, and are 
training up in their U.K 
factories hundreds of Indian 
technicians who will man 

this industrial giant. 


Davy and United Engineering Company Limited. 
Head Wrightson & Socapany Ltd. Simon-Carves 
Ltd. The Wellman Smith Owen Eng. Corp. Led. 
The Cementation Company Ltd. British Thomson- 
Houston Co. Ltd. The English Electric Co. Ltd. 
The General Electric Co Limited. Metropolitan- 
Vickers Electrical Export Co. Ltd. Sir William 
Arrol & Company Ltd. Cleveland Bridge & 
Engineering Co. Ltd. Dorman Long (Bridge 

& Engineering) Ltd. Joseph Parks & Son Ltd. 
Iscon Cable Group (Siemens Edison Swan 

Ltd. and Pirelli General Cable Works Ltd.) 


BRITISH COMPANIES WORKING FOR INDIA 
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Penstocks, pressure shaft linings, 
Substation steel structures 

Gantry and overhead travelling cranes 
Pylons, water gates 








Pressure test and Electric Strain Measuring carried out on the manifold of 
the KOYNA POWER STATION (Maharashtra State). Test pressure 1420 psi. 
Diameters 8'6”/2 6’. Thickness |” 27/32 and 1” 37/64. Weight 40:5 tons. 


GIOVANOLA renney-swizerion 
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SELENIUM 




















RECTIFIERS 








Now assembled in India. 
Also Battery Chargers & Rectifier 
equipment for AC/DC conversion; 
Power Packs & Battery Eliminators. 























Enquiries to 


ELECTRICAL 
ENGINEERING DEPT. 


MARTIN BURN LTD., 
MARTIN BURN HOUSE, 
12 Mission Row, Calcutta | 



































Branches at: 


Delhi Bombay Kanpur 


T 





























a Fabrication and Erection of 
complete Pipework Installa- 
tions for Steam, Gas, Com- 
pressed Air, Fuel Oil etc. 


Coils for Refrigeration and 
other industrial uses. 





Light Structures of Tubular 
construction. 


Water Well Casing. 








STEWARTS AND LLOYDS OF INDIA PRIVATE LIMITED ee 


| ot 
Head Office : +1, Guowrincuee Roan, P.O. Box 270, CALcuTTa = a a 
TELEPHONE ; * 44-5224 (7 lines) & 44-1461 1 Rm 
Works : 39, Hine Roap, Kipperpore, CALcuTTA 
TELEPHONE : 45-3515 (3 lines). 
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Raw Acid & Fresh Water Pipeline on Tubular Trestles. 


SLF 40/56 











+GF+ 


The Steel foundry 
for water turbines 





We supply turbine manufacturers, 
for the highest heads and outputs, 
with Pelton wheels, Francis runners, 
Kaplan blades and many other tur- 
bine components cast in +GF+ Elec- 
tric Steel alloyed or unalloyed. 















+GF+ has been producing cast steel 
in the electric furnace for 50 years. 


George Fischer Limited 
Schaffhausen, Switzerland 


Telephone: (053) 56031/57031 
Telegrams: Geofischer 























































Sg 708/4 ' 


In recent years George Fischer’s steel foundry has supplied water turbine manufacturers with runners for 
the following Indian power stations: Kundah/Rihand/Shanan/Gandhisagar/ Tungabhadra/Pykara/Chambal/Periyar 
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CABLECO 


BARE COPPER, ALUMINIUM, 
& A.C.S.R. 
OVERHEAD TRANSMISSION LINES 


% 
Ne 


WE 









FAMILIAR LANDMARKS 
ON THE INDIAN HORIZON 


PAPER 
INSULATED 


M.LN.D. TYPE 
UNDERGROUND POWER CABLES 





They're (<¢) Products / 


aw: 


The Indian Cable Company Ltd. 
9, Hare Street, P. 0. Box 514, Calcutta. 
Representatives in India for BRITISH INSULATED CALLENDER’S CABLES LTD. 


Branches-AHMEDABAD, BANGA'ORE, BOMBAY, COIMBATORE, JAMSHEDPUR, 


1C12 
SES KANPUR, MADRAS, NAGPUP, NEW DELHI AND SECUNDERAGAD GEE 
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TECHNOEXPORT 
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The outer head cover 
during manufacture. In 
the background you can 
see two Francis runners 
intended for The Stor- 
norrfors Power Station, 
Sweden, each with a 
guaranteed max. output 
of 200,000 HP — the 
most powerful water tur- 
bines in Europe. 


< 


The runner during manu- 
facture. Diameter of the 
runner 5.4 m (17 ft, 8 in.). 











NOHAB delivered the Panchet Hill turbine 
NOHAB turbines — always a step ahead 


Last year, the Kaplan turbine which we delivered for The Panchet Hill 
Power Station, India, was taken into commission. 

The turbine develops 56,000 HP at a net head of 24.7 m (81 ft.). The 
maximum output being 90,000 HP at a net head of 34.47 m (113 ft.). 
The two pictures show parts for this turbine. 





NYD@QVIST & HOLM AKTIEBOLAG, TROLLHATTAN, SWEDEN 
Cables: NOHAB. Telex: 5284. Telephone: 180 00 
Subsidiary in Canada: NOHAB CANADA LIMITED, 1410 Stanley St., Montreal, Que. Tel: VIctor 9—1485, or 60, Northline Rd, 


Toronto, Ont., Tel OXford 9—0100. Telegrams Montreal and Toronto NOHABCAN. 


HAND-IN-HAND (40 {CUCOW 


s 
ESTD. 1888 


CENTRIFUGAL PUMPS & SLUICE VALVES 

































KIRLOSKAR BROTHERS LIMITED 


For the utmost in efficiency and long service—-for the 
latest development—for the finest in material and 
workmanship—fit Kirloskar Sluice Valves. Available in sizes 
2” to 24”. Spur gear arrangement for sizes 10” and above. 
Electrically operated Sluice Valves of sizes 18” to 36” can 
be supplied against specific orders. 


Type ‘MF’ mixed flow pumps are specially suitable for 
handling service water in Industry, Irrigation and Drainage 
Plants. These pumps are also used where large quantity of 
water or liquid with a reasonable amount of suspended 
impurities, is handled against low and medium Heads. In 
sizes of 10” x 10”, 14” x 14”, 14” x 16”, 24” x 24”. 


KIRLOSKARVADI, DIST. S. Saree. 
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If you’re buying on a basis of 
cost-per-yard moved, you’ll buy 
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Marion Excavators are designed for 


e High production 


e Low operation & 
maintenance costs 


BLACKWOOD HODGE 


BLACKWOOD HODGE (INDIA) PRIVATE LTO. 





ASSOCIATED COMPANIES BRANCHES WORKS AND AGENCIES THROUGHOUT THE WORLD 


7 . MRG/I6 





AV 














INDIAN JOURNAL OF POWER AND RIVER VALLEY DEVELOPMENT 









Patented 
OSSBERGER- 


WATER-TURBINES 











Specially suitable for economical 
utilization of fluctuating waters 
of small water-courses 








Complete Hydro-electric Aggregate of I5 KVA 








Range of application : 
for heads : | to 100 meters 
Water supply : 10 to 4000 liters/sec. 
Outputs : up to 400 HP per unit 
Supply of : 
complete small-sized hydro-electric 
power plants 


OSSBERGER—TURBINENFABRIK, Weissenburg/Bavaria 


P.O. BOX 32 Federal Republic of Germany TEL. 2362 
Sole Manufacturer of Patented Michell-Ossberger Turbines 



























RELA 


; WATERPROOFING 
—- — COMPOUND 


INDISPENSABLE 


for use in concrete under water and 
for heavy load machinery. Also pre- 
vents saltpetre action & dampness 
—— of the structure. 











li 


CEMENT RESEARCH CORPORATION PRIVATE LIMITED. 
— 15, GOBINDA BANERJEE LANE, CALCUTTA-33, Phone : 46-7057, CABLE: ‘SOURANIL’ 


lmfl 
| e@n-2/60 
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DAILY, 


WHE MAKE 
THE WORLD 
SMALLER! 








When you come to understand it, that is exactly what the Gifford-Udall Prestressing 
System does ! Road and rail bridges, pedestrian overcrossings, aquaducts and subways 
all contribute to make the world a narrower, more finite and smaller place to live in. 
And wherever there is prestressed concrete the chances are that Gifford-Udall Systems 
have been used in its construction. 

No job is too big or too small. We will be glad to submit proposals to show the 
economies of Gifford-Udall Prestressing Systems applied to your future contracts. 
Do not hesitate to call on us for this free advice. Equipment available ex-stock. 


THE GIFFORD-UDALL 
PRESTRESSING SYSTEM 


Sole Agents in India: KILLICK, NIXON & CO., PRIVATE LTD. 


(A wholly owned subsidiary of Killick Industries Ltd.) 

Bombay: 31, Murzban Road, Bombay 1. Post Box 109. 

Calcutta: F-2 Gillander House, 8 Netaji Subhas Road, Post Box 719, Calcutta-1. 
New Delhi: 10A Gobind Mansion, Indra Palace Lodge Annexe, 


“H” Block, Connaught Circus, Post Box 607. 
Madras: C/o Binny & Co. (Madras) Ltd., 7 Armenian St., Post Box 1542. @z-) 
Ahmedabad: Relief House, Opp. Jyoti Sangh, Relief Road, Post Box 128. 


KNE-6-S 


G.—U. 
Prestressing Jack 
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We are 
at your service 











cranes, Scissors crossover for dock 


installations, single turnouts, 


( Intersecting tracks for mobile 


Y symmetrical tandem turnouts, three 








throw turnouts, diamond crossings, 






outside double slips etc. manufactured 






to British Standard Specifications 






for all your haulage requirements. 





Simplex diesel locomotives 






provide the ideal answer to all 






traction problems. Robust 4 
construction, easy manoeuvrability, 7 
finger tip control etc. are 


P ‘ UY 
its outstanding features. Y 





We can also supply your requirements 


of rails, rail fastenings, fish plates. 
tipping wagons, mining equipment etc. 


. BOX NO. 12, MADRAS-1. 
- BOX NO. 506, BOMBAY.-1. 
. BOX NO. 208, CALCUTTA-1 
- BOX NO. 172, NEW DELHI. 
LEE LL MUU. 


Sole Agents for India : 


vvUVN 
Sooo0°0 


MMMM hdl 
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To Produce Electricity at Hydropower or 
Steam Power Stations 


l Sole Agents én Indie 


THE INDUSTRIAL GASES LIMITED 


Engineering Division 138 Canning Street, P.O. Box 853, CALCUTTA 
Branches : P O Bow 373 Kanpur @ P.O. Bow 622, New Delhi 





Fou particulars please contact + 7 
on mn wore TRADE REPRESENTATION OF THE U.S.S.R IN INDIA 
i A — yarn oy arost BOMBAY Branch ae; a CALCUTTA Branch: | 


i f R 
, 4¢, Pedder Road Chanakyapuri. 1, Bishop Lefroy Road | 
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Axial - flow pumps... 





Vickers-Gill pumps are highly efficient for condenser 
circulating water, dock de-watering and impounding, 
irrigation and drainage, waterworks and sewage works 
duties. Discharge rates vary from 2.000 to 200,000 g.p.m. 
against heads up to 65-70 ft., and the pump design 

is extremely compact. Impeller pitch is variable, 

and the pumps are self-regulating, so that at constant 
r.p.m. any fall in head below the maximum 
specified is accompanied by an increased discharge 
at a decreased power. The same high efficiency is 
maintained in the multi-stage units — the form 


in which most Vickers-Gill pumps are used. 


VICKERS -ARMSTRONGS 


VICKERS-ARMSTRONGS (ENGINEERS) LTD. 


Vickers House Broadway London S.W.] 
TGA BTE 254 
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LOW OIL CONTENT CIRCUIT BREAKERS 
TYPE HPF 312 | 132kV 3500MVA_ 1000A 


SPRECHER & SCHUH LTD. 


Switchgear Manufacturing Co. 
AARAU (Switzerland) 


represented by: 


KAYCEE INDUSTRIES LTD., BOMBAY 
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Quit 


MINING EQUIPMENT AGENCIES 





oe ee tt tee em 


PIKROSE 


HAULAGES 
(Electric A.C.) Yy 


Manufactured under licence from M/s. Austin Hopkinson, U.K. 
















DRILLING BITS & REAMER SHELLS 


BY PRECISION TOOLS (INDIA) PRIVATE LTD. 


Under licence from Triefus Industries Ltd. U.K. 









Sole Selling Agents in India 


KILBURN & CO. PRIVATE LTD. 


2, Fairlie Place, Caleutta-!. 
Field Office: DISHERGARH, Dt. Burdwan, W. Bengal. 





Branches : 
BOMBAY MADRAS NEW DELHI 
KANPUR TEZPUR AHMEDABAD 





BANGALORE SECUNDERABAD 
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Introduction 


The Indian Institute of Science is one of the premier scientific in- 
stitutions in the country which has contributed to research in various 
fields for over half-a-century now. Ithasalsocontributed substantially in 
training the scientific manpower of the country that are now holding lead- 
ing positions in the various fields of government and industry. It was there- 
fore but proper that its Golden Jubilee was celebrated in a befitting 
manner. 


The present volume is the the result of the Seminar on Hydraulic 
Machines held at the Institute as part of the celebrations. It will be 
noticed that 48 papers were presented at the seminar and quite a number of 
them were by eminent engineers from abroad. We have selected 21 out of 
these for inclusion in this issue. These papers may be divided under the 
following heads. 


Hydraulic Turbines 

Pumps 

Hydro-dynamics of Turbo Machines 
Cavitation 

Testing 

Operation 


Weare confident that these papers will be found extremely interesting 
and instructive to the engineering profession. 


We wish to express our thanks to the Civiland Hydraulic Engineering 
Section of the Indian Institute of Science for cooperating with us in 
bringing out this volume and, in doing so, we wish long life to the Institute 
and its continued service to the cause of science and engineering in the 
best of its traditions. 
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A Warm Welcome 

















Being the Presidential Address by the Director of 
the Institute on the occasion of the inauguration ‘of the 
Symposium. 


The Indian Institute of Science has just completed 
50 years of its existence. This important event, as 
many of you are aware, was cslebrated in a manner 
befitting the occasion in February 1959. That was 
mainly the festive part of the show. Since this is an 
academic Institution whose main function is the 
development of research and learning; for that pur- 
pose, the whole of 1959 is being regarded as the 
Golden Jubilee Year. During this year, more than a 
dozen symposia are to be held by the various Depart- 
ments of the Institute. More than half-a-dozen have 
already been held and the remaining are to be held 
during the next few months. The Golden Jubiles 
Volume consisting of research work currently done at 
the Institute is also to be brought out shortly. These 
activities constitute the academic portion of our 
celebrations. As part of these celebrations, this 
symposium is being held today. 


Sir, we are extremely grateful to you for having so 
kindly consented to participate in our function inspite 
of your other multifarious engagements. I also wish 
to express my thanks to all the delegates who have 
made it convenient to attend this function inspite of 
their other engagements. I am fully aware of the 
extent of sacrifice each of you had to make in coming 
over here to participate in this function of ours. This 
symposium will have more than justified itself, if 
at the end of it, some of you at least feel that your 
sacrifice in coming over here has been worth your 
while. We are very grateful to you for the many papers 
that you have presented for being read here. 


I have no doubt, the workers in the Civil and 
Hydraulic Engineering laboratories will be greatly 
benefitted by this meeting. I learn that the various 
bodies interested in the research, development and 
manufacture of hydraulic machines, the Indian Stan- 
dards Institution; the Development Council of the 
Government of India on Pumps and Internal Com- 
bustion Engines; the All-India Pump Manufacturers 
Association; and the Users of hydraulic machines 
like the Chief Engineers of States, Professors of Engi- 
neering Colleges, have all contributed to the success 
of the symposium. My thanks are due to all: these 
organisations and individuals. My thanks are also due 
to the Editor of “The Indian Journal of Power and 
River Valley Development” for having kindly agreed 
to bring out a Speeial Number of the Golden Jubilee 
Symposium on “Hydraulic Machines”. 


I understand that at present, most of the units 
manufacturing various hydraulic machines in this 
country are entirely depending for their designs on 
foreign consultants. This dependance cannot obvi- 
ously go on for ever. It is necessary that a net-work 
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of development and design units are established ail 
over the country. Each one of these units should 
consist of personnel who are capable of designing the 
equipment necessary and act as consultants for 
initiating various development projects in the country. 
If we do not have such persons in sufficient numbers, 
we shall have to prepare them. This may be the hard 
way to learn but it is the only way by which teams of 
competent consultants can be built up within the 
country and industrial progress assured. 


At the Indian Institute of Science, work on the 
subject matter of this symposium is being done in a 
modest way. Members of our staff have developed 
a current meter for measuring discharges in rivers, a 
water supply meter for measuring consumption of 
water in domestic buildings, a high discharge low 
head centrifugal pump for meeting the requirements of 
small agriculturists and so on. Development work 
is going on in the design of turbines and axial flow 
pumps. Given suitable encouragement, it should be 
possible to develop this laboratory into a first rate 
organisation for hydraulic machines. 


I learn that som? ofthe machines in our Laboratory 
have been specially designed for undertaking model 
testing of turbines and pumps. At present, hydraulic 
machine turbines are being purchased in this country 
depending entirely on the manufacturers’ guarantees 
and the results of model tests furnished by the manu- 
facturers’ themselves. Even froma purely commercial 
point of view, itis not desirable that both the manufac- 
turing and the certification of its quality should be in 
one and the same hands. The agency to test the 
quality should be different from the supplier. I would, 
therefore, like to point out that whenever big hydraulic 
machines are purchased, they be pumps or turbines, 
one of the conditions to be stipulated should be that 
manufacturers should supply models of the same. 
These should be tested according to internationally 
accepted standards in an Institute like this for their 
performance. The advantages of such a procedure 
are obvious and need no elaboration. 


The tempo of industrial activities in the country 
has increased enormously during the past ten years 
and is bound to increase many times more in the com- 
ing years. That this Institute and its staff are not only 
competent to play their part but look forward with 
great earnestness todo soina large measure needs no 
special mention by me. 


Before I conclude,may I, Sir, extend to you and all 
the delegates again a very warm welcome to the 
Indian Institute of Science. 


_ ee 
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Only Research can meet the Challenge 





Being the Inaugural Address on the occasion 


From a modest start, this Institute has, within the 
last 50 years built itself up into one of the leading 
Institutions of its kind in the country. Its alumni 
drawn from all parts of the country have played not- 
able part in the country’s scientific and industrial 
advancement in all aspects—whether it be in helping 
to formulate the policies of the Government or in the 
laboratories in the various industrial concerns in the 
country. 


At this stage of our industrial development, when we 
have to achieve m1ximum production with minimum 
of equipment, personnel and foreign exchange, it is 
essential to maintain close co-ordination between 
research and developm2nt. Your efforts, therefore, to 
hold symposium on hydraulic machines is welcome. 
Your suggestion to make greater use of leading Institu- 
tions such as yours in the designing and testing of 
hydraulic machines—turbines, pumps and other 
machines—is fully in line with the Government 
policies in this regard and I can assure you that any 
concrete suggestions that you would like to make in 
this connection will be most gladly considered by us. 


Hydraulic machines cover a wide range of equip- 
ments and is used for diverse purposes such as agricul- 
ture, irrigation, sanitation generation, of power, etc. 
You will be glad to know that successful indigenous 
de velopment has been achieved in the field of agricul- 
tural machinery in that we are now manufacturing 
in the country a variety of pumps and machines, which 
are capable of meeting the normal needs of the agri- 
culturist. 


It isin this field of hydraulic machinery, I am glad to 
say that we have made substantial progress. I would 
like to review this briefly. 


In India the organised production of the centrifugal 
pumps was established in the year 1925 by one or two 
firms. The pioneering firms had to struggle hard to 
exist in the face of heavy competitions from pumps of 
foreign origin which were being freely allowed to be 
imported into the country. It had also to overcoms 
the prejudice against the local products. The industry 
however was able to make headway during the Second 
World War. The Grow More Food Campaign gave 
further fillip to the industry as the increased demand 
for pumps could not be met from imports and the 
foreign firms were yet to switch over to peace tim2 
production. These favourable conditions were further 
strengthened by the new encouragement given by the 
Government towards industrialistion since indepen- 
dence. 


In 1950, there were only 8 organised units manu- 
facturing pumps with a capacity of 35,000 nos. per 
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annum and a production valued at Rs. 1 crore; by 
1956 the number rose to 27 units with an installed 
capacity of 68,000 nos. and by the end of 1959 there 
would be 55 firms with a total installed capacity of 
1,30,000 nos. per annum valued at Rs. 4 crores of 
production per year. Of these five firms are manu- 
facturing Deepwell Turbine Pumps which are required 
for developing the underground resources in c2rtain 
areas of the country. 


The production of power driven pumps has been as 
under:— 





Year Nos. Value. 

1950 30,292 Rs. 0.88 crores 

1956 46,881 Rs. 1.36 crores 

1959 85,000 Rs. 2°46 crores 
(Estimated) 





I should add here that many of the pumps that are 
being manufactured in the country have been under- 
taken in collaboration with wellknown firms abroad; 
some of them are: Fairbanks Morse of USA, Johnstons 
of USA, Worthington of U.K. and Sulzers of Switzer- 
land ete. 


You will be glad to know that som? of the typ2s of 
pumps that are already being manufactured in India 
are being exported to Middle Eastern and Far Eastern 
countries earning us foreign exchange to the tune of 
Rs. 5 lakhs. Therefore the quality of the pumps 
manufactured in our country speaks for itself as they 
are meeting competition from other exporting coun- 
tries. 


Although the industry is well established in India, 
pumps for special chemical applications and of large 
sizes are still being imported into the country. With 
the expansion and diversification of the industry that 
is being implemented, I hope we would achieve not 
only self sufficiency in the next two or three years but 
also export a large number of pumps and hydraulic 
machines to m2et practically the requirements of the 
export market in the neighbouring countries. 


Iam glad to inform you that for the manufacture of 
the pumps most of the components are made from 
indigenous material. 


Manufacture of hydraulic machines used for power 
generation is planned in the Heavy Electrical Project 
at Bhopal with a capacity of 0.35 million kW’s 
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per year on double shift and the biggest turbine will 
be 50 mega watts. Further capacity of 0.3 million kW 
is under’ consideration for turbines between 
10,000 to 100,000 kW in another Project. Hydraulic 
turbines upto 100 kW capacity are being made by 
one of the indigenous firms. Gates of all categories 
such as sluice, flood, penstock, are also under regular 
production. 


While the indigenous manufacture is proceeding 
satisfactorily, very little attention is being paid by 
most of the manufacturing concerns to research and 
development, which alone can in the ultimate analy- 
sis make the indigenous industry meet the challenge 
of their counterparts in other countries. The lead 
given by the Institute of Science in arranging this 
symposium on hydraulic machines is, therefore, in 
the right direction and I hope it will be a forerunner 
of many such gatherings to be held periodically in 
different parts of the country so as to stimulate wide 
interest in the problems that confront the manufac- 
ture, operation and maintenance of bydraulic equip- 
ment. The industry in our country should bestir 
itself to more and more built-in-research for all these 
important lines in addition to the development and 
research taking place in National Institute such as 
yours and our National Laboratories. 


I would like on this occasion to give you an idea of 
our plans for the production of steel in the third Five 
Year Plan period. It may not be directly connected 
with the subject of today’s symposium but you will 
agree with me that the development of all engineering 
industries including hydraulic machinery is closely 
related and dependant on the availability of steel in 
adequate quantities. The target for the third Plan 
under consideration is 10 million ingot tons of crude 
steel, orabout 7.3 million tons of finished steel. Re- 
cently, criticisms have been levelled against this 
target in certain quarters on the ground that the 
consumption is not likely to come to these expectations 
and that unnecessarily a high target might divert to 
steel alarge proportion of the total financial resources 
thereby curtailing development in many other fields. 
I feel that such apprehensions are groundless. Steel 
forms the basic raw material for all engineering in- 
dustries. Steel and Power, as you know, are the foun- 
dation of industrialisation. During the Second Plan 
period, the development of all engineering and secon- 
dary industries have suffered considerably due to the 
nonavailability of steel, the import of which had 
necessarily to be restricted due to shortage of foreign 
exchange. Quota allocation of steel made in favour of 
actual manufacturers and fabricators more than 12 
months ago have yet to materialise. Even the full 
utilisation of installed capacity—not to speak of ex- 
pansion, modernisation or diversification of produc- 
tion—was not possible in many industries for want of 
iron and steel, 


And yet we know that as against the annual general 
index of industrial production which is estimated at 
148 points for this year, i.e., the year 1959 (with base 
year 1951 as 100), happily the estimated index for 
group of the machine building industries, which is the 


most important of the engineering industries, stands 
at 433 for the current year; for electrical machinery 
industries, it is well over 302 and for general engi- 
neering industries, the index has pushed over 273. 
You will be pleased to know that for machine tools 
industry, the index is running at 888. This is a very 
encouraging and promising trend of industrial produc- 
tion. 


This only demonstrates the capacity and growth of 
steel consuming industries. Ifduringthe Second Plan 
period, iron and steel were more freely available, this 
production in the main steel consuming industries 
like machine building, machine tools and engineering 
industries and structural and secondary industries 
would have been much greater than even the very 
happy performance of these industries that we are 
witnessing today. The effect of the non‘availability 
or the great difficulties in procurement of steel that 
our steel consuming industries and steel processing 
engineering industries have experienced in the last 
three years and which they are experiencing even now, 
are fully known to all concerned. 


The production during Second Plan period was also 
handicapped due to the non-availability of foreign 
exchange to import capital goods, plant and equip- 
ment, steel, non-ferrous metals and basic raw materials 
in adequate quantities. A very appreciable portion of 
the total foreign exchange had to be diverted for the 
import of steel. These and such other factors have to 
be taken into account by the people, the Government 
and the Planning Commission in fixing the target for 
steel for the Third Plan. Even if there is a risk in 
planning for a somewhat higher target, I feel it is 
better to err on the side of a higher practicable target 
like 10 million tons of crude steel because any short- 
fall in production of steel in relation to the demand 
would have very wide repercussions on the pace of 
development of the vital machine building industries, 
heavy engineering industries, basic industries and 
vital light engineering consumer goods industries. 
Prime pumping of steel in the National Economy 
without the elaborate and cumbersome distribution 
controls like the present Iron & Steel Controls, would 
revitalise and strengthen the national economy and 
industrial development in a very healthy and dynamic 
manner. 


Therefore, I do hope that Symposia and Seminars 
like yours would explain and clarify to the public the 
vital and urgent need to think more realistically and 
far-sightedly about the production targets of steel in 
the Third Five Year Plan. If we make a mistake again 
of being unduly conservative on steel production, the 
nation and its industrial development will suffer 
greatly. I pray and plead that we should always be a 
little surplus, if at all, in steel if we have to advance 
rapidly in the industrial field. I am fully confident that 
in the Third Plan, with the great emphasis that we 
are going to give to machine building and engineering 
and basic industries, we could easily consume 10 
million tons of crude steel or 7.5 million tons of finished 
steel and even a little more per year by 1965-66. We 
should resolutely plan for this target. 























Review of the Papers 





Being a brief review of papers presented at the 
Symposium. 


Altogether 48 papers have been received for the 
symposium. Contributions are from India, USA, 
United Kingdom, France, and Germany. The contri- 
butors are professors of Universities, engineers in 
manufacturing industries and those in-charge-of 
execution and development of hydro-electric or pump- 
ing projects. 


Hydraulic Turbines 


Sixteen papers have been received on the subject of 
Hydraulic Turbines. 


Sri V. P. Appadurai has reviewed all aspects 
concerning the design and development of water 
wheels, their selection, construction, operation, 
installation and maintenance. He has given an ex- 
haustive table of turbines manufactured and in use 
together with the details of their various characteris- 
tics. These will be very useful for selection of turbines 
in future projects. 


Sri A. Thiruvengadam has also dealt with prob- 
lems of designs and development of turbines. He has 
reviewed the various developments that have taken 
place in design and construction of turbines. He 
considers that future developments in hydraulic 
turbine designs practically depends on further research 
on cavitation, corrosion and erosion. 


Survey of the materials used on the construction of 
turbines has been made by Sri V. P. Appadurai. Both 
Sri Netsch and Sri 8. Padmanabhan have dealt with 
the design aspects of draft tubes. Sri Netsch deals 
with the investigation concerning the unusually long 
draft tubes for each of the four 1,35,000 HP Francis 
turbines on an under-ground power station in 
Australia. 


Sri Padmanabhan deals with the function of draft 
tubes, their different tpes, and the methods of their 
design. He stresses the importance of model studies 
before finalising the design of a draft tube. 


Messrs V. P. Appadurai, and P. Govindakrishnayya 
deal with the maintenance aspects of hydraulic 
turbines. 


Sri Govindakrishnayya has stressed the importance 
of using proper lubricants in the maintenance of 
hydraulic turbines. These lubricants can only be 
selected after a clear understanding of the functions of 
the various parts of hydraulic turbines which rotate 
and the methods provided for their lubrication. 


Regarding new types of turbines, Sri Deriaz and 
Sri Danel the original inventors have contributed 
papers. Sri Deriaz has described in detail the design of 
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the D2riaz typ? of turbines, which is the mixed flow 
Francis typ2. According to him, Deriaz typs turbines 
is best suited for heads higher than 150 ft. He has 
shown by comparison that for such heads, his turbine 
is superior to Kaplan in every way. 


Sri Danel has given a very detailed description of 
the bulb typ? turbine, which has great possibilities of 
use in the development of power for heads less than 
35 ft. 


On manufacture of model wheels, Sri R. K. K. R. 
Govindarajan and SriS. Nagaratnam have described 
the design and manufacture of a model Pelton wheel 
which is comparably good in efficiency and _ perfor- 
mance? with a similar prototyps. 


There are a few papers on newer typ2s of power 
development schemes. Sri N. Rajaratnam describes 
in detail pump storage schemes and their utility for 
p2ak load services. The design aspects of turbine-cum- 
pumps suitable for this purpose have been discussed. 


Sri D nel has described the use of bulb turbines in 
development of power in tidal estuaries and in 
irrigation channels and anicuts across rivers etc. The 
possibilities of such development of tidal power has 
been exhaustively treated by Sri G. Suryanarayana 
Iyer and Sri A. 8. Nagaraj in their paper. They have 
stressed the history of tidal power development 
and described a few types of tidal plants, such as 
the pit typ? units, the bulb type units, and the impact 
water wheel types. The design aspects of civil 
engineering structures, in such projects havealso been 
briefly described. 


Pumps 
There are 16 papers. The design and operation of 
axial flow pumps have been described in the papers 
of Messrs N. Dwarakanath, N. S. Govinda Rao and 
von Ing. K. Rutschi. 


Sri N. Dwarakanath describes the development of 
research in axial flow pumps. He considers that though 
design by the modified air-foil theory may be a small 
improvement on the existing methods, most rational 
method can be achieved when a three-dimensional 
theory of flow through turbo-machines has been 
analytically developed. 


Sri N. 8. Govinda Rao has described in detail a new 
theory for designing axial flow pumps. He has 
described the characteristics of impellers designed to 
produce vortices which have a function between a 
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free and a forced vortex. Sri Rutschi has described 
further research work necessary on axial pumps 
in this paper. 


Regarding Centrifugal Pumps, Sri Kessler has stress- 
ed the historic development of the centrifugal pumps 
from 1754. He has also tried to classify the centrifugal 
pumps based essentially on specific speeds. He has 
also given description of the various prime movers, 
operating difficulties and maintenance of pumps. 


The problem of large pumping installation has been 
dealt with by Sri Igor J. Karassik. He favours single 
suction centrifugal pumps with vertical motors. He 
quotes the example of the 65,000 HP pumps installed 
at Grand Coulee and 1,02,000HP pump installed at 
Hywasee in support of his contention. He has pre- 
sented another very interesting paper on finding the 
various characteristics of a pump when its hydraulic 
details are not furnished by the manufacturer. 


Sri M. W. Lalchandani deals with the input aspect 
of the centrifugal pump. He stresses the importance of 
correctly determining the pumping input at the design 
point and to. so arrange that the maximum input 
anywhere throughout the range design does not very 
much differ from the input at the design point. 


Sri Netsch’s paper summarises the results of tests on 
centrifugal pumps of both the radial as well as the 
axial type with reduced runner diameters. The effect 
of reducing diameters has been thoroughly studied. 


Sri Rama Murthy describes the various factors 
governing the mechanical design of centrifugal pumps. 
The nature of the loads and stresses which are to be 
considered in the design of the various components 
have been discussed. 


Sri Rutschi has contributed a paper on modern 
centrifugal pumps and also on design of pumps with 
technical simplicity and economy. Another paper 
of his deals with the comparison of efficiencies when 
hydraulic machines operate singly and in groups. 


Sri Keshava Murthy has described the design of low- 
head high discharge centrifugal pumps mainly for 
small irrigation requirements. The delivery head 
required for irrigating about ten acres of wet land 
is hardly a foot. Centrifugal pumps on the market 
have minimum delivery heads very much in excess 
of this requirement. Axial flow pumps require large 
capacity motors making them costly. This paper 
describes a pump designed solely to meet the require- 
ments of small irrigation. 

A paper by Sri N.S. Lakshmana Rao describes the 
studies made on air entraining vortices in pump 
sumps. He has also described the various methods of 
preventing formation of vortices in such pumps. 

Testing of all pumps has been dealt with by Sri K.R. 
Pattabhiramaiah in his paper. 


Hydro-Dynamics of Turbo-Machines 
Many interesting papers have been contributed on 
the Hydro-Dynamics of Turbo-Machines. 


Papers by Sri N. V. Chandrasekharaswamy, Sri 
Netsch and G. A. J. Young describe the nature of 
flow in hydraulic machines. The nature of turbulence 
characteristics has been described by Sri Chandra- 
sekharaswamy. The flow conditions inturbomachinery 
and their influence on pipe lines of pumping stations 
and power plants, have been described by Sri Netsch. 


The nature of flow in rotating passages of centrifugal 
pump impeller has been described by Sri Young. 
Some authors have tried to derive parameters for 
simulating flow conditions in turbo-machinery. Sri 
Netsch has one paper on this subject, while Sri 
Rutschi has another on the same subject. Sri Rutschi 
has tried to correlate Reynolds Number with dimen- 
sionless co-efficients of flow machines. 


The effect of fluid friction of flow in . hydraulic 
machines has been described by Sri D. S. Srinivasa. 
He has discussed the modification necessary in the 
Euler’s equation to take this into account. Further 
research is necessary on the velocity distribution in 
the impeller passage in centrifugal pumps. In axial 
flow pumps Cy, should be calculated taking this effect 
on separation of flow into consideration. 


Cavitation 
The cavitation and steps nec?ssary to ensure simi- 
larity in cavitation effects between model and proto- 
types have been presented in the papers by Sri B. P. 
Singhal, Professor A. J. Acosta and Professor A. 
Hollander, Sri K. Seetharamiah and Sri L.H. Kessler. 


Sri B. P. Singhal has discussed the various stages in 
the development of cavitation bubbles and _ scale 
effects in model testing of hydraulic turbines. 

Professor A. J. Acosta and Professor Hollander 
have reviewed the development of the various stages 
of cavitation in a machine. They have followed this 
by a discussion on the various dimensionless para- 
meters used to describe cavitating performance in 
a turbomachine. Taking a free streamline model of 
flow in a simplified impeller. they have made theoreti- 
cal estimates of the extent of cavitation as a function 
of blade geometry and angle ofattack. Some recent 
work on the effect of thermodynamic properties of 
the fluid on cavitation performance has also been 
discussed. 

Sri Seetharamiah’s paper deals with the physical 
causes of cavitation, classification of the phenomena 
to several types and to the causes of inception of 
cavitation. He has indicated that in predicting cavita- 
tion effects on prototypes from model studies, it should 
be remembered that turbulence is not scaler and 
the time required for a bubble to travel before collapse, 
is the same both in the model as well as in the proto 
type. He has also suggested various methods of pre- 
venting cavitation. Sri Kessler has described in his 
paper the method of designing pumps to avoid 
cavitation conditions. 


Testing of Hydraulic Machines 


Six papers have been presented on the Testing of 
Hydraulic Machines: Sri V. P. Appadurai has 
described in his paper the general methods of testing 
water wheels. 
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Sri Netsch has described the research on stability 
of Pelton turbines. He discusses the relative advan- 
tage of having a single or a dual control system for 
operating the needle governing movement of the jet 
in a Pelton turbine. Generally for Pelton’s of smaller 
type a single controller is enough. Sri Rutschi 
describes the stabilization of efficiencies of pumps 
and turbines. Sri Pai has described in detail the 
method of testing turbines. 


Sri R. K. K. R. Govindarajan’s paper deals with 
description of universal hydraulic test rig of 15 HP 
and 5 ton capacity. With the help of this, it is possible 
to conduct a variety of tests on differnt pumps and 
turbines. 


Sri Norman R. Gibson has described in great detail 
his experiences in the use of Gibson’s Method of water 
measurements for efficiency tests of hydraulic 
turbines. 


Operation of Hydraulic Machines 


There are four papers on the operation of hydraulic 
machines. Sri V. P. Appadurai’s paper deals with 
ina general way, the problems governing hydraulic 
turbines. 


The considerations that have to be taken into 
account, in determining governor’s capacity have been 
described by Sri Ravi. Sri Ravi has reviewed the 
principles of designing hydraulic turbines governors. 
He describes the advantages of using electronically 
controlled governors in preference to hydraulic con- 
trolled servo-mechanisms. 


Sri Farrest Drake has also described the methods of : 


automatic control of machines and processes. Methods 
of elementary speeds have been given. He has men- 
tioned the characteristics necessay of a prime mover 
and of the speed sensing elements for afficient gover- 
ning. Various methods of improving governor perfor- 
mance have also been discussed. 


Sri Netsch has a paper on water hammer computa- 
tions of ground discharge pipes by Laplace transforma- 
tion. 


There is only one paper on standardization of turbo- 
machinery by Sri Rutschi. He has described in great 
detail the method by which various sizes of pumping 
machines can be standardised to cover a very wide 
range of flow and head conditions. The method adop- 
ted in Germany has been described. 


Sri C. N. Nagaraj’s paper deals with the method of 
designing of* foundations of turbomachines. The 
foundations should be so designed that no resonance 
is set-up between the vibrations of the machine and 
the foundation-cum-soil system. A method of deter- 
mining the natural frequency of such soil systems has 
been described. 
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Sri D. Firth and Sri I. 8. Pearsall have described 
great detail the effect of blade number on the torque 
slip characteristics of a small fluid coupling. They 
have found the torque slip characteristics were found 
to depend upon the number of blades, particularly at 
high rate of slips. They have also given a semi theoreti- 
cal method of analysis to make an approximate 
estimate of coupling performances. 


From this brief survey it is evident that practically 
all aspects of turbines and pumps have been covered. 
There are hardly any papers on hydraulic brakes as in 
automobiles and aircraft, on fluid power transmission 
in automobiles, aircrafts, accumulators cranes, pres- 
ses and a host of other devices in daily use. It is neces- 
sary that research and development work is oriented 
in these fields as well. 


Regarding turbines, it is important that steps are 
taken to standardise acceptance tests of turbines by 
model testing in laboratories outside those of the 
manufacturer. If a design and development institute 
is started it whould not be difficult to supply design 
drawings for many of theturbines required for power 
generation. The States responsible for executing the 
hydroelectric projects orany central authority can get 
theturbines made inthe country by getting the various 
components made in the several sp2cialised workshops 
which are already in our country and assemble them in 
a particular place. It is necessary that the design of 
draft tubes are made in our hydraulic research stations 
which have a better knowledge of local conditions. 
Hardly any research work has been done in our coun- 
try on the structural design of both the mechanical and 
civil engineering parts of a turbine—the cross:tube, 
wicket gates, the foundations for the generators etc. 
A start has to be made. : 


Regarding pumps, practically all papers deal with 
clear water pumps of comparatively small sizes. More 
development work is called for in the design of pumps 
for heavy density liquids, liquid-solid mixtures, high 
temperature liquids, and for high heads. There is not a 
single paper on types of pumps other than centrifugal 
ones, like reciprocating pumps, vane pumps, jet 
pumps etc. — 


On the hydrodynamics of turbomachinery, consider- 
able analytical and experimental work has fil to be 
done. Analytical work on three-dimensional Wnalysis 
of flow, determination of Cy taking fri¢tion into 
account, nature of turbulence, cavitation, movement 
of solids in solid-liquid mixtures etc. has still to be 
continued. Sinc2 most of hydraulic machine design 
problems have to depend on empirical constants, 
experimental work is absolutely necessary if we have 
to progress in this field. Experimental work should 
not only cover finding design constants, but also funda- 
mental research on problems like those of cavitation, 
turbulence, pressure and velocity distribution in im- 
peller passages losses in bends, valves etc, 
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The hydraulic turbine in its present state of deve- 
lopment is almost a perfect prime mover for central 
station service. It is efficient, of simple construction, 
and easily controlled. Its ability to act as a peaking or 
standby unit is outstanding, as it can be started cold 
and assume full load in a matter of minutes, follow 
load variations with little attention, going from no 
load to full load in a few seconds and can drop load 
without damage. Due to its simplicity, it can be made 
fully automatic and operate for weeks without atten- 
tion. When the hydro-electric plant is combined with 
steam plants, in the same system, the steam plants 
usually carry that block load and the water turbine 
the swings in the system. 


RECENT DEVELOPMENTS 

A general survey of the hydraulic turbines manufac- 
tured in the past ten to fifteen years indicates that no 
major invention has been made recently in this parti- 
cular field of engineering. Development has been 
concentrated on improvement of efficiency greater 
output, higher specific speed and upper limit of head 
for each type of turbine. All the turbines produced 
still belong to one of the three main types of machines, 
namely, ‘Pelton, Francis or Kaplan. It appears that 
the Propeller type turbine has been ousted completely 
by Kaplan unit and speaking generally of large tur- 
bines, it can be said that nearly every turbine, manu- 
factured in Europe now-a-days for a head of less than, 
say, 100 feet. is a Kaplan turbine and only very few 
indeed are propeller or Francis turbines. This is due to 
the fact that Kaplan turbines, because of their smaller 
dimensions and higher speed of rotation are hardly 
more expensive to install than propeller turbines and 
are therefore preferred, even when the head and 
discharge variations are so small, or the number of 
units so large, that very little gain in power generation 
is obtained by the use of Kaplan turbines. The fact 
that the maximum efficiency of Kaplan turbines is 
higher is itself sufficient justification for preferring 
this type of turbines. 


Head 


The maximum head for which each class of turbine 
is used has increased gradually, the maximum advance 
in this respect having been made with Francis turbine 
for which the head has risen from 1060 to 1710 ft., 
in the same period the advance had been 25° for 
Kaplan turbines viz., 184 to 230 ft. The advance in 
Pelton turbines has been only 2 per cent, viz., 5,700 to 
5,800 feet, solely because there have not been higher 
heads to equip. . 


Two of the high head stations with Francis wheels 
are Hemsil in Norway with a head of 1,680 ft. and 
Ferra power station with a head of 1,710 ft. (under 
manufacture). 


By V. P. APPADURAT 


The higher heads for which Kaplan have yet been 
constructed is the 230 ft. at the B2st Rhue Plant in 
France. 


The upper limit of head for a p2lton wheel is deter- 
mined solely by the ability to obtain adequate strength 
of buckets and wheels; the highest existing head at 
present used is 5,800 ft. at Reisseck in Austria. Over 
the years, experience has taught that for satisfactory 
performance and long life, specific sp2ed and head are 
related within fairly ingrossed limits. The experience 
curve is given in Fig. 1. 


In installations of small horse power ratings, and 
where abrasive materials are carried in the water, the. 
impulse type of turbines may be selected for head as 
low as 400 to 500 feet. 


Efficiency 


The turbine efficiency has been improved step by 
step and has reached the present level which 
appears to be about 93°, for Kaplan, 92% for Francis 
and between 90 and 91 per cent for Pelton turbines. 


Output 

Turbine outputs have been gradually stepped up to 
the existing limits of 200,000 H. P. for Francis wheels 
at the Chute-des-passes station in Canada, 131,000 
H.P. for Kaplan wheelsat Priest Rapidsinthe U.S. A. 
Single jet twin runner pelton turbines of 150,000 H.P. 
are to be installed for Cimeys Power Station in the 
Italian Alps and 4 jet single runner pelton wheels of 
about the sam2 output have be2n installed in the 
Kem ino Power Station in ths British Columbia. This 
represents a considerable advance in output of impluse 
turbines. The continuance of this upward trend in 
capacity is a matter more of economics than of any 
technical or design problems. Although the cost per 
H. P. of the whole machine will normally be reduced 
as the capacity increases, there is a limit beyond 
which the reverse will result and which can only be 
determined in each particular case. The optimum 
capacity is affected by problems of transport to site 
and erection and some extent by the particular manu- 
facturer’s production facilities. It is probable that 
there will be many future installations where such large 
capacity machines as those mentioned above are 
economically or operationally suitable and it is un- 
likely that there will be much increase above these 
outputs. 


Turbines are selected to operate at a load factor of 
not less than 50% of the rated capacity for multipur- 
pose projects and not less than 60°, for run-of-river 
developments. 
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CLASSIFICATION OF TURBINES 


One of the first problems confronting the designer of 
the hydro electric plant is the selection of the type of 
the turbine for the given operating conditions. Modern 
hydraulic turbines can be broadly classified as impulse 
and reaction turbines. 


Reaction turbines may further be classified as axial 
flow and inward flow turbines. The runner vanes on the 
axial flow turbine may be fixed or adjustable; the fixed 
vane turbine is preferred when head and flow are 
substantially constant and where base load opera- 
tion is possible. The adjustable vane turbine is pre- 
ferred when these factors vary over a wide range. 
Theinward flow turbine being strenger is better fitted 
for higher heads. Also the discharge velocity is rela- 
tively high permitting higher setting above tail water 
level without running into cavitation difficulties. 


Reaction Turbines Fig. 2 

In the reaction type, the water enters from a casing 
or flume with a relatively low velocity, passes through 
guide vanes of gates located around the circumfer- 
ence and flows through the runnerfrom which it dis- 
charges into a draft tube seated below the tail water 
level. All the water passages are completely filled with 
water, which acts upon the whole circumference of 
therunner. Only a portion of the power is derived from 
the dynamic action due to the velocity of the water, 
a large part of the power being obtained from the 
difference in pressure acting on the front and back of 
the runner buckets. 


In a reaction turbine, runner receives the water 
under pressure in a radial inward direction and dis- 
charges it in a substantially axial direction owing to 
the rotation of the runner, a centrifugal force is impar- 
ted to the water which opposes the inward flow. 


The pressure at the runner inlet must be capable of 
overcoming the centrifugal force. Conditions some- 
what resemble those of a D. C. motor where the rota- 
tion causes a back E. M. F. In addition, the pressure 
must produce the required acceleration of the water 
within the runner to discharge it through the tapered 
water passages by the vanes. 


The fact that the water pressure drops within the 
runner identifies the Francis turbine as a reaction 
turbine. The degree of reaction is defined as the ratio 
of the pressure difference between points A and B and 
the maximum head under which the turbine operates. 


The draft tube allows maximum utilisation of the 
available head, beth because of the suction created 
below the runner, by the vertical column of water and 
because the outlet of the draft tube is larger than the 
throat below the runner, thus utilising a part of the 
kinetic energy of the water leaving the runner blades. 


In other words, the reaction turbine obtains rotative 
force by deflecting the flow of water in closed passages 
and utilising the consequent reaction. 


Impulse Turbines 


In the impulse turbine, the water is open to the 
atmosphere at all points beyond the nozzle and the 
transfer of energy from the water to the turbine runner 
is due to impingment of the jet of water on the buckets 
arranged around the periphery of the runner. 


CHOICE OF TYPE OF TURBINE 


Selection of turbines can be made either based on 
the available head or on specific speeds : 


Choice Based on Available Head :— 
The normal selections are given in Table 1. 


Table 1. 


100 to 1,000 feet — Reaction 
Above 1,000 feet — Pelton 


But in recent years considerable improvement 
in materials has been made so the reaction wheels 
have been made upto 1,710 ft. and Kaplan wheels 
upto 230 ft. as mentioned earlier. 


Woere the head on the turbine varies considerably 
from the nominal head, the lower value of the head 
should be used, and for a small range in heads, not 
exceeding 10 per cent above or below nominal, the 
higher heads should be used. 


The maximum head under which a Francis turbine 
operates should not exczed 125 per cent of the design 
head and the minimum head shouldnot be less than 65 
per cent of the design head, in order to obtain stable 
operation and to avoid excessive cavitation. 


Likewise, the maximum head under which a fixed 
blade propeller wheel op2rates should not exceed 100 
per cent of the design head and the minimum head 
should not be less than 90 per cent of the design head. 


The adjustable blade Kaplan unit may be operated 
over a head range of 50 to 150 per cent of the design 
head. 


The design head is the head at which the runner is 
designed for best speed and highest efficiency. Gene- 
rally, the design head is selected as the head above 
and below which the average annual generation of 
power is approximately equal. This selection ensures 
the most efficient use of the water by having the point 
of best efficiency at the weighted average head. The 
rated head is the head at which the full gate output of 
the turbine will produce the rated capacity of the 
generator in kW. For run-of-river plants having 
approximately a constant head, the design and rated 
heads are usually the same. 


Choice Based on Specific Speed 


The specific speed of a water turbine is the speed at 
which the turbine will run when producting one horse 
power under a head of one foot of water with full 
guide vane opening. 
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RPM\/HP 


where H. P. is the output in H. P. 
H5/4 


N; = 
and H the head in ft. 


_ where P is the out- 
put in kW and H 
the head in meters. 


in metric unit N, = 


RPM\/ P 
Hd '4 


The relation between metric and British specific 
speed is given by N; (Metric) =N, (British) x 3.8. If 
however P is expressed in metric horse power the 
following relation applies :— 

N; (Metric) =N; (British) x 4.45. 


The usual choice based on specific speed are given 
in Table 2. 


Table 2 





Specific speed Type of Turbines 


3-7 

7-12 Impulse wheel—multi nozzle. 
19-90 Reaction (Francis) 
90-250 Kaplan or Propeller. 


I mpulse. Ww heel—Single nozzle. 





Table 3 gives some of the formulae used to arrive 
at the specific speed for a preliminary design. 


“Table 3 


Francis Turbines: 


R= Hop tli Crager and Justin (1915-1930) 
- Hegot 19 Barrows (1915-1930) 
875 7 i i iti 
ines ~..-— Voorduin (h is the critical head 
h 0.56 and is approximately 90% of 
the head) 
— 82 _ (1930-1950) 
VH 
- Hos + -50 in metric system 


(Japanese Electro-Technical 
Committee). 


Impulse Turbines : 


4 3'4 
N; —1%5 H ae for single jet 
4/HP 
For multi jet N,=Speed as calculated above x No. of 
jets. 


Propeller Turbines : 


N, = 7000 


H+321* 
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i 
ae 3G in metric system (Japanese Electro- 


Technical Committee) 


The European practice is to adopt specific speeds 
much higher than the American as can be seen from 
Fig. 3. The use of high specific speed reduces the over- 
all size, weight and cost but requires alower setting to 
reduce cavitation. With high velocities encountered, 
they have to resort to a greater use of stainless steel 
for preventing pitting and wear. Stainless steel is not 
available in America and it has to be imported. 


In the choice of the most suitable speed for the ma- 
chines for a particular installation and the selection of 
the typ2 of turbine ifthe conditions are within the over- 
lapping range of two types—it is important to rea- 
lise that the highest speed will not necessarily give 
the lowest overall cost of the installation. An increase 
of specific speed is usually accompanied by a lower 
maximum efficiency and a greater depth of excava- 
tion necessary for the draft tube; this is particularly 
so with Kaplan turbines. Thus the choice must be 
made with full knowledge of the incremental cost of 
excavation for the foundations and of the value of 
efficiency. Maximum efficiency may not be the main 
consideration and weighted efficiency over the anti- 
cipated operating range of output is usually the 
more important criterion. 


Experience curve to arrive at preliminary dimensions 
An experience curve adopted by the French engi- 
neers to arrive at the preliminary dimensions is shown 


in Fig. 4. 
GENERAL DESIGN OF AN IMPULSE WHEEL 


(1) In an impulse wheel N, x = =a 
constant which lies between 50 & 60. 
D—-pitch circle dia of runner 
and 
d—dia of the jet. 


With normal and low specific speeds, the buckets can 
be cast separate and attached by bolts and lugs tothe 
wheel hub. With specific speeds higher than normal 
the buckets are large and closely spaced and are cast 
integrally with the hub. 


(2) No of Buckets: The number of pelton runner 
buckets for best efficiency could be obtained from the 
following empirical formula 


Z=0.5 m. plus 15 


where Z is number of buckets 


D, _ Mean dia. of bucket wheel 


adie ediiies ons one 
m-=jet ratio a. least dia. of jet 


D , ok 
A normal value for —+-for efficient operation is 
i I 


about 18. For best efficiency, this is about 10. Any- 
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thing lower than this will lead to poor efficiency. The 
D/d, ratio for some of the wheels in service are as 
follows :— 


Pallivasal 10.9 
Pykara 13.1 
Kundah I 10.3 
Kundah IT 16.3 


The number of buckets is made as large as is judged 
necessary to give the highest efficiencies and conveni- 
ent to accommodate on the disc. 


Table 4 gives the number of buckets for the impulse 
wheels installed in Madras State. 


Table 4 





Power Station. 





Pykara 10900 H. P. 26 
, 18750 H. P. 24 
20000 H. P. 22 

Moyar 18000 H. P. 21 
Kundah Plant I* 28750 H. P. 22 
Kundah Plant II* 50000 H. P. 23 


H. P. of turbine No. of buckets. 





*under construction. 


TURBINE CONSTRUCTION 


Welded versus cast steel 


One of the most important developments in recent 
years in the design and manufacture of hydraulic 
turbines is the increased use of welded fabrications for 
spiral cases, stay rings, head covers, bottom plates, 
discharge rings and wicket gates. Even Francis run- 
ners have been and are being fabricated by welding. 
The principal reason for this is that while the art of 
welding has been steadily improving during the past 
ten to fifteen years, the cost of patterns and steel 
castings has been increasing relatively faster than the 
cost of steel plate. Furthermore, it is very difficult to 
obtain good, sound steel castings, particularly in some 
of the more intricate shapes. This has led to the steel 
foundries charging extremely high prices for such 
items as runner, stay ring and head cover castings. 


The large number of repairs required on such 
castings, together with the delays and costs occasioned 
by the repairs, have practically forced hydraulic 
turbine manufacturers to go to fabricated construc- 
tion. 


In welded construction, we may be confident of 


greater reliability and uniformity, and the possibility 
of undisclosed flaws is minimised. 


By the use of welded plate steel in the place of cast- 
ings, Savings can be made in both the weight of the tur- 
bine and cost. Forhydraulic turbines, the usual maxi- 
mum design stress for cast steel is 10,000 Ibs./sq. inch 
for both tension and compression, while for plate steel 
itis 12,000 Ibs./sq. inch. This alone represents a 
possible saving of 17 per cent in the amount of steel 


required. Excellent examples of this are the 
115,000 H. P. hydraulic turbines supplied for the 
Hoover Power Plant. The 12 turbines installed 
in this power plant have cast steel spiral cases. 
Two additional turbines were installed with cases 
of welded plate steel. Since seven of the original 
turbines with cast steel spiral cases and the 
two recent turbines with plate steel spiral cases 
were all furnished by one manufacturer, it is 
possible to make a direct comparison between the two 
types of construction, both as to weight and cost. 
Such a comparison shows that the finished welded 
plate steel casing weighed 30 per cent less than the 
cast steel casing and cost 20 per cent less to the 
manufacturer including the cost of the material. 
Since the spiral casings represent approximately 30 per 
cent of the total weight of the turbine and 25 per cent 
of the total cost, the saving in total weight of the 
turbine was 9 per cent and the saving in total cost 
5 per cent. 


Plate steel buckets being thinner than cast steel, 
allow more water to pass through the runner and conse- 
quently more power to be obtained for the same size 
wheel. 


The larger savings in both weight and cost plus the 
other advantages, inherent in a welded steel construc- 
tion for large turbines with medium and high heads, 
therefore merit careful consideration. 


This also applies to the possible use of field welded 
joints in place of flanged or rivetted joints. During re- 
cent years, a large number of the penstocks leading up 
to turbines have been and are being welded in the 
field, but field welding of the turbine scroll cases has 
not been permitted in very many installations. 


Some notable exceptions to this are the turbines of 
the Fontana Project (Tennesses Valley Authority), 
Shipshaw Plant (Aluminium Co. of Canada) and 
Cheoah Plant (Aluminium Co. of America) all of 
which have plate steel casings welded in the field. For 
the Shipshaw Plant, the plates in the scroll case were 
welded to each other and to the speed rings at site. 
No stress relieving or annealing was done. All field 
welding was done under extenso-meter control. All 
welds were peened, the amount of peening being con- 
trolled by the extenso-meter readings. Specimens were 
cut daily from the work of each welder and tensile 
tests were made immediately on a portable testing 
machine. As a further test of the strength of all the 
welded joints, the casings were tested under 375 lb. 
per sq. inch pressure which is double the maximum 
static head. The units have been in satisfactory 
service since 1945. 


Although these installations demonstrated that 
welding with mechanical stress relieving is entirely 
satisfactory, if properly done, some engineers still feel 
that some form of temperature stress relieving is 
advisable. Recently, a controlled low temperature 
method of stress relieving weldsin site has been devis- 
ed, which could be used to stress relieve field welds. 
Numerous tests have been and are still being made to 
determine whether this method is satisfactory. No 








| 
| 














HYDRAULIC MACHINES SYMPOSIUM—SEPTEMBER 1960 


definite conclusions have been reached as yet, but the 
results obtained so far are very promising. If this me- 
thod should prove to be as effective as furnace stress 
relieving, then the future will see the use of a larger 
number of spiral casings of all-welded construction. 


At Bonneville, for some of the turbines, the stay 
rings, discharge ring, outer and inner and intermediate 
head cover, bearing housing pit liner and draft tube 
liner are all of welded construction. During the war 
these units were operated with the head water eleva- 
tion raised by 10 feet above normal, so that the tur- 
bines were under about 15 per cent higher head than 
that for which they were designed. Further, much of 
the time, the units were running at the cavitation 
limits. The operating conditions on these large adjust- 
able blade propeller units were such as to place the 
equipment under severe test. 


The welded components comprising the turbine 
distributor at many plants, both Francis and propeller 
type, have developed no trouble of any kind. 


Introduction of T, Steel in Turbine Construction 

Four of the largest hydro-electric turbine spiral 
casings in the U.S.A. of the field welded type using the 
relatively new T, steel at the Noxon Rapids Project. 
These four Francis type turbines are connected directly 
to generators of 100,000 kW capacity each, operating 
under a head 150 ft. Theinlet diameter of each spiral 
casing is 24 ft. and the casings weigh approximately 
108 tons each. The casing is designed to withstand 
maximum design pressure of 85 lbs. per sq. inch without 
exceeding unit stress of 27,500 lbs. per sq. inch. on 
any net section with an assumed 90 per cent weld 
efficiency. 


These spiral casings were originally designed for 
mild steel with maximum thickness of plates 
equalling 1-5/8”. With theuse of T, steel the maxi- 
mum thickness will be reduced to 1”. T, steel has 
excellent properties of notched toughness at low tem- 
perature with very high strength and good welding 
properties. It is a low carbon, quenched and tempered 
alloy plate steel with a high yield strength of 90,000 
lbs. per sq. inch which is approximately 3 times the 
yield strength of ordinary carbon steel. The tensile 
strength is 105,000 lbs. per sq. inch. 


Table 5 gives the chemical composition of T, steel. 





Table 5 
percent. 

Carbon i de 0.10—0.20 
Manganese 0.60—1.00 
Phosphorous $s 0.040 Max. 
Sulphur aa 0.050 Max. 
Silicon ‘ee 0.15—0.35 
Nickel a 0.70—1.00 
Chromium 0.40—O0.80 
Molybdenum ‘ 0.40—0.60 
Venadium re 0.03—0.10 
Copper “is 0.15—0.50 
Boron hits 0.002—0.006 
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Table 6 gives the mechanical properties of T, steel 
for thickness 1/4” to 2”. 


Table 6 








Yield strength (Min.) 99,000 psi 
Tensile strength (Min.) -» 105,000/135,000 psi 


Elongation in 2” (Min.) .. 18% 
Reduction of Area (Min.) .. 55% 





T, steel (thickness for thickness) costs more as the 
material is more difficult to fabricate, handle and 
weld. 


Table No. 7 gives the approximation of the compar- 
able cost factors between carbon steel and T, steel 
steel based on experience. One comparison is between 
carbon steel and T, steel of the same thickness. The 
second comparison is between carbon steel and T, 
steel which is 44°, of the thickness of the carbon steel 
which represents the ratio between 12,000 lbs. per sq. 
inch designed stress for carbon steel and 25,000 Ibs. 
per sq. inch for T, steel. ; 


Table 7 





Carbon steel same thickness as 44% of thick- 
carbon steel ness of carbon 


steel 

Plate material. A 2.5A L1LA 
itting. B 2.0 B 88 B 
Fabrication, C 14 C .62 C 
Erection, D 1.1. D 48 D 
Welding. E 1.5 E .66 E 
Freight. t G 4G 





Table 7 indicates there is a saving inuse of T-1 
steel in all factors except the cost of the materials, 
provided full advantage can be taken of its higher 
strength. These cost factors are based upon rather 
meagre information and it is quite possible that the 
costs involved in T-1 steel will be reduced after more 
experience has been obtained in its use and application. 


It is also probable that the design stress for this 
steel can be increased to make its use still more advan- 
tageous. 


T-1 steel welds do not require stress relieving and 
there is no advantage obtained by such stress relieving, 


Table No. 8 indicates some of the units where T-1 
steel have been used for spiral casings. 
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Table 8 
No. of units Design Press in Hd. H.P. capacity Inlet dia. Max. Min, plate Field Press 
Name of Plant p. 8. %. ft. thick Test 
Idaho Power Co. 4 185 250 158000 18’-0” 15/18” No 
Brownlee Plant 
Pacific Power & 
Light swift Creek 3 
No. 1. 3 205 378 117000 11’-0” 13/16”- No 
1/2” 
Washington Water 
Power Co., Noxon 
Rapids. 4 85 152 137500 24’.0” 3/4” 128 
1-2” 





The minimum thickness recommended for T-1 
plates is 1/2” or in some cases 3/8”. T-1 steel would 
therefore not be suitable for medium sized hydraulic 
turbine units for low head installations where the maxi- 
mum plate thickness for carbon steel will be only 
1” or less because full advantage could not taken of 
the possible reduction in thickness due to the minimum 
thickness limitations of the T—1l steel. Thus, the 
economic savings would be reduced or eliminated 
entirely. 


Runner 

Materials :—The choice of materials varies 
considerably from one manufacturer to another. In 
certain countries, where good castings, are difficult to 
obtain locally in a reasonable time; there is a marked 
trend towards welded construction. On the whole, 
more European manufacturers still make a liberal use 
of cast iron and cast-steel. These materials, though 
heavier than fabricated steel, are not necessarily more 
costly and they have the advantage, for large machines 
particularly, of being more rigid. 


The situation is similar as regards the use of stain- 
less steel. Castings are used liberally whenever good 
ones are obtainable at reasonable prices; the use of 
stainless steel over-layers, in strips or by welding, is 
resorted to mainly in those cases where solid cast or 
forged stainless steel elements are not readily obtain- 
able at reasonable prices. 


Attempts have been made to fabricate snch com- 
plicated parts as Francis runners or Pelton buckets 
with cast and laminated stainless steel elements 
welded together, but these still are the exception, 
and the present trend is definitely in the opposite 
direction, i.e. towards integrally cast runners. 


In the case of Pelton wheels, for example, in the 
majority of cases all the runner buckets are cast in one 
piece, either in the form ofa ring of buckets or integrally 
with the disc and coupling flange, whether the 
runners are made of carbon steel, nickel steel, or 
chromium steel; only in exceptional cases do certain 
European manufacturers still resort occasionally to 
bolted bucket construction. 


Stainless Steel:—In addition to the increased use 
of fabricated plate steel and welding in hydraulic 


turbine construction, there is a tendency towards the 
increased use of stainless steel. The stainless steel 
has the property of not only resisting corrosive action 
due to chemicals in the water, but also resists the 
pitting action due to cavitation. 


There have been cases where a combination of the 
corrosive action of the water, high water temperature, 
and cavitation, produce an extremely rapid rate of 
wear not only on the runner but on the wicket gates, 
wicket gate stems, head cover, and bottom plate. This 
is eliminated by using a solid stainless steel runner. 
The corrosive action on the wicket gates, wicket gate 
stems, head cover and bottom plate was eliminated 
by the use of stainless steel facings and stainless steel 
wearing plates. 


Solid stainless steel Francis runners have been used 
for a number of high head installations and the use of 
such runners are recommended for heads above 600- 
700 feet. It is also desirable to use stainless steel wicket 
gates, facing plates and wearing rings for high head 
installations. 


Operating and maintenance experience with high 
head Francis turbines has indicated that the additional 
initial cost of using stainless steel for these parts is well 
repaid in reducing maintaenance cost and outage. 


The grade of stainless steel which in Europe is most 
favoured for water turbine construction is that 
containing 12 to 14 per cent chrome with or without 
a touch of nickel (approximately 1 per cent). These 
alloys have a high resistance to cavitation and can be 
treated to give a mechanical resistance which is consi- 
derably higher than that obtainable with the 18-8 grade 
of stainless steel. They, therefore, resist erosion better 
and are at the same time easier to machine and less 
liable to seizure. Moreover, they can be welded in the 
field, provided that certain precautions are taken 
(pre-heating of the parent metal) without its being 
necessary to heat treat the welded metal. However, 
18-8 grades of steel in this respect are more favourable 
than the 13-1 grades. 


Bronze:—The fact that they are weldable is one 
of the main reasons for which stainless steel in many 
cases are preferred to manganese or phospor bronze 
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for turbine parts subject to cavitation. However, 
bronze is still much in favour because, in actual prac- 
tice, it resists pitting remarkably well even though 
certain laboratory tests class bronze below stainless 
steel in the range of corrosion resisting alloys. This 
is doubtless owing to the fact that the experimental 
devices used in these research laboratories for acce- 
lerating the pitting of test bars give rise to a form of 
cavitation which is not entirely comparable with that 
which occurs in a Francis turbine, for example. 


Among the many bronze runners which have given 
good service are those of the 32,0000 h.p. Piottino 
Francis turbines in Switzerland operating under a 
head of over 1,000 ft. 


Ampco Bronze:—Another source of damage to 
hydraulic turbines which frequently combines with 
cavitation and corrosion is erosion caused by foreign 
matter such as silt or sand or glacial deposits in the 
water. When water at high velocity carries such hard 
materials in suspension, the damage can be rapid 
and severe. 


Unfortunately, both research testis and actual field 
operation have indicated that the 18-8 stainless steel 
which have a high resistance to pitting, do not have a 
very high resistance to erosion. In this respect, the 
chrome stainless steel with 12-14 per cent chrome 
content show much better resistance than 18-8 
chrome-nickel stainless steel. Other promising metals 
for resistance to erosion are the aluminium bronze, 
particularly those that are produced under the trade 
name of Ampco Bronze. Ampco is the trade name for a 
bronze with an aluminium content varying from 10 
per cent to approximately 14 per cent. The results of 
tests on the cast bronzes show that some of them have 
twice the resistance to pitting compared to the best 
stainless steel castings. The welded bronzes also show 
a remarkable resistance to pitting. In the HEPC 
Ontario, Ampco bronze runners are installed in units 
which are subject to large quantities of highly abrasive 
sand in the water. The original manganese-bronze 
runners lasted only a short time and after several 
extensive repairs had to be replaced once every five 
years. 18-8 stainless steel runners were installed to 
replace two of the manganesebronze runners. The 
runners have stood up better than the manganese- 
bronze runners in that they showed no signs of pit- 
ting. They do show however evidence of sand erosion, 
although considerably less than obtained in manga- 
nese-bronze runners during a similar period of time. 
Ampco bronze runners were installed to replace the 
last two manganese-bronze runners. These have stood 
remarkably well during their period. of operation, 
showing no sign of either cavitation or erosion. The 
manganese steel runners at Pykara have also shown 
signs of pitting and wear much earlier than stainless 
steel runners. 


Accelerated cavitation test on Ampco bronze have 
shown that it is highly resistant to pitting. However, 
its one big disadvantage is that at present it cannot be 
welded overhead. If an ampco bronze runner requires 
welding repairs it must be removed from the turbine, 
since pitting usually occurs on the bottom side of the 


runner. 
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Wicket Gates 


The wicket gates or guide vanes as they are some- 
times called, are arranged in series in a circle surround- 
ing the runner and may vary in number from 12 to 24 
depending upon the physical size of the unit. They 
are of such cross sectional shape as to fit into the stream 
flow at all loads with the minimum of disturbance. 
Their function is to control the flow of water to meet 
the power demand. They contact each cther when 
fully closed. They are machined at the contact 
points and fitted at these points to a .003” 
feeler. 


The wicket gates are made usually of cast steel with 
stems cast integrally. For low head installations 
turbine gates of fabricated plate steel with forced steel 
stems are acceptable. Three bronze bushed stem 
bearings are required one in the bottom ring and two 
in the head cover, one above and one below the pack- 
ing box. Positive means are provided for lubricating 
each bearing independently. 


The largest items of maintenance cost on Francis 
turbines next to maintenance of the runner are the 
wicket gate stems for both low and high head installa- 
tions. The wear on these parts is due to corrosive ac- 
tion of the water. The use of stainless steel sleeves for 
the stems tends to reduce such wear to a minimum and 
such sleeves have been installed in a number of recent 
installations. Wear along the discharge ends of the 
wicket gates and along the seal point presents a 
problem in medium head and high head installations. 
The insertion of stainless steel strips at these points 
tends to reduce this wear considerably. Undercutting 
of the wicket gates where they form a seal with the 
head cover and bottom plate is also a common occur- 
encein thehigher head installations. Thisis overcome 
by using stainless steel plates or welded overlays on 
the ends of the gates. The use of stainless steel for 
these parts is justified in large turbines where 
outage for repairs is costly and where an operation 
life of 20 to 30 years is now expected without a 
major overhaul of the turbine. 


Inlaid rubber strips have also been used on the gate 
seals and in the head covers and bottom plates to 
reduce leakage and thus reduce wire-drawing and 
undercutting. These rubber strips have given 
satisfactory service on a number of turbines. 
The turbine gates may be locked by the following 
method to prevent excess load on the generator. A 
mechanical block on one of the guide vane cylinders 
can be adjusted to limit the maximum guide vane 
opening and the governor is equipped with a gate 
limit device which limits the permissible gate 
opening. 


Since it is possible for a foreign object such as a 
log, to get between two wicket gates in service and 
for the whole of the servo motor capacity to be con- 
centrated on two vanes, it is usualto incorporate into 
the design of the linkage connecting the wicket gates 
to the gate operating ring a safety feature such that 
the stress in the stem will not exceed the yield point 
of the materials. 
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AIR VALVE 


When a unit is operating below rated power, the 
water passages inside the wicket gates may not be 
full of water. This may result in a periodic breaking of 
the water column which can in turn be the cause of 
severe shocks and vibration in the power house struc- 
ture. The admission of air under these conditions 
reduces the vacuum and tends to stop the breaking of 
the water column, resulting in a smoother operating 
unit at part load, one or more air valves depending 
upon the size of the unit and the amount of air consi- 
dered necessary, are usually fitted and controlled from 
the operating mechanism. 


DRAFT TUBE 


The draft tube is an extension of the passage from 
the point of exit from wheel runner down to tail race 
level. This forms an internal part of the turbine in 
determining the turbine performance. 


The draft tube supplements the action of the runner 
by utilising most of theenergy remaining in the water 
at the discharge from the runner. This is shaped to 
decelerate the!flow with a minimum of losses so that 
the kinetic energy remaining in the flow at discharge 
from the runner may be efficiently regained by con- 
version to the suction head. thereby increasing the 
total pressure difference on the runner. 


Preliminary Dimensions 

The preliminary dimensions of the draft tube are 
fixed by the wheel dimensions using the following 
empirical formulae. Fig. 5. 


(i) Maximum width of draft tube.— 3 D, 
(it) Vertical length from the centre line 
of the distributor to the bottom of 


elbow draft tube. ; -. —2.7 D, 
(iit) Horizontal length of the turbine 

shaft centre line to discharge end of 

of the elbow draft tube. —3.8 D, 


, 3 x ; e PA 

(iv) _D,E xn lies between 85 and 115 

Where Q is the discharges in cusecs and n speed in 
RPM D,—dia of runner in ft. 


Table 9 gives the draft tube details of some plants 
in operation. 











Table 9 
Mean velocity 

Dis- at draft tube ft. Gauge 

charge Head Draft per second pressure 

cusecs Head Entrance Exit PSI 

inches. 

1 2 3 4 5 6 7 
Leaburg 1014 89.0 6.5 16.0 6.8 —4.0 
Safe 

Harbour 8000 55.0 1.0 26.7 8.1 —44 
Oak Grove 400 = 850.0 10.0 15.1 3.77 —5.3 
Norris 4100 §=165.0 11.5 27.3 62 —93 
Bonneville 12000 45.0 —7.0 29.0 5.1 —3.6 
Bonneville 10000 64.0 —l1.4 4.2 43 —19 
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It will be observed from the table that for Bon- 
29 x 29 





neville, under a head of 45 ft. ( — 13.2 ft. 
, 13. 2 “o . 
i.e. a or nearly 30% of the energy remains 


in the water after it leaves the runner; which 
emphasises the need for careful draft tube design 
in order to realise as much of this as possible. 


Velocities 


The following are the empirical formulae for the 
velocity of water in draft tubes. 


0.13 4/2gH for high 
head plants. 


0.07 / 2gH for low 
head plants. 


0.4 4/2gH for low 
head plants. 
0.1 4/2gH for high 
head plants. 


(t) At the entrance to scroll 
case. 


(it) At the exit of the 
runner : 


(tit) At the outlet of the 
draft tube: 0.10 4/ 2gH for low 


head plants. 


0.02 4/2gH for high 
head plants. 


Submergence 


It is important that careful attention is paid to the 
amount of submergence at draft tube outlet to avoid 
undue turbulence and in some cases an actual eva- 
cuating effects with consequent tail water lowering at 
the draft tube discharge. 


For small high head units, it may be necessary on 
this account, to increase the proportions form the top 
of the draft tube to the bottom thereof at discharge 
outlet to obtain amples submergence. For such units 
we should have a submergence, from the upper edge 
of the draft tube discharge to low tail water of not less 
than 3 feet, and when the head is high, say about 
600 ft., it will be well to increase this to aminimum of 
of 4feet. In no case, should this distance beless than 
2 feet regardless of the working head. 


Generally this should not be less than one half 
runner diameter and the lowest tail water level should 
not uncover any part of the roof of the horizontal leg 
of the draft tube. 


The draft tube when not designed by the turbine 
manufacturer should follow the standard elbow design 
so far as practicable, but certain variations in the 
lengths of the vertical section and horizontal diffuser 
are permissible. The outflow velocity may vary from 
4 to 8 feet/sec. with good efficiency. 


A double pier draft tube is preferred for hydraulic 
reasons, but for practical reasons a single pier draft 
tube may be used on runners of from 4 to 7 ft. 
discharge diameter. 
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SPEED AND PRESSURE REGULATION 


General 

The ability to predetermine the speed changes on a 
hydraulic turbine in terms of the maximum change 
in speed or the variation in speed with respect to time, 
permits the complete study of regulation problems in 
advance of the actual construction of a hydro-electric 
project. It is often desirable to know the amount 
of speed change occurring at various times following 
a load change in order to make adjustment of the 
electrical protective devices or to determine the 
possibility of over voltage conditions in the stator 
of the generator or on transmission systems due to 
sudden load changes. 


The normal maximum pressure rise‘admitted in the 
cases of Francis turbines is of the order of 30 per cent 
but in several cases a pressure rise of 40 per cent. or 
even more has been permitted in French practice. 


In the case of Pelton wheels, however, a maximum 
presure rise of between 10 per cent and 20 per cent is 
normally adopted. 


With the length, diameter and profile of the pen- 
stock predetermined, considering, in the case of high 
heads a long water conduit with a properly designed 
surge tank or open forebay constitutes a point of re- 
lief as defined in the study of water hammer, then the 
minimum time of closure of the turbine gates depends 
upon the maximum rise is pressure allowable for the 
strength of the penstock or upon the maximum fall 
in pressure permissible to avoid formation of vacuum 
in the penstock due to acceleration of flow. 


It is usual to design hydro-electric plants with the 
maximum rise in pressure not in excess of 50 per cent 
of the normal head on the turbine, but itis frequently 
found desirable to limit the maximum rise to 25 per 
cent of the normal head or even less to avoid excessive 
stresses in the penstock which may be repeated from 
‘ time to time due to the changesin load on the unit. Re- 
cent experiments have indicated that excessive water 
hammer occurring at frequent intervals may cause 
fatigue of the materials in the penstock and increase 
the danger of rupture following water hammer surges. 


In certain installations, the rise in pressure is taken 
ceareof by providingan auxiliary relief valve opened by 
the governor as the gates are closed, thus by-passing 
the water and reducing the rate of change in velocity 
of the water to aminimum. In calculating the speed 
rise for such cases, the quantity of water discharged 
by the relief valve is deducted from the total flow in 
computing the pressure rise in pipe and change in 
velocity. 


In the case of on-coming loads the profile of the pen- 
stock should be considered and the maximum fall in 
pressure calculated, the acceleration gradient deter- 
mined an the minimum allowable opening stroke of 
the governor established in this manner. 


In determining the flow through the conduit the 
rated capacity of the unit should be taken and the 
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discharge corresponding tothis output at efficiency of 
85 to 88 per cent calculated. Although the actual 
efficiency may be greater than this there is some over- 
load capacity allowed behind the rating and the use 
of the lower efficiency will compensate for this as an 
added margin of safety. 


The permissible governor time may be based on the 
load change from 50 per cent tozero without breaking 
the draft tube vacuum, since the condition for full 
load thrown off is sometimes too severe and results in 
too long a governor time, although in certain cases it 
may be justifiable to utilize the full load condition of 
design. 


In case the method of computing governor time 
show a permissible rate of movement of the turbine 
gates for a fullload change of less than 2 or3 seconds, 
it is advisable to limit the governor motion to a slo- 
wer rate of closure for purely practical reasons. With 
large units havingarapid governor strokethegovernor 
itself must be quite large an the piping leading from 
the governor to the operating cylinders must be made 
oversize to avoid high velocities of the governor fluid 
resulting from a full stroke in a very short time. It 
is rarely necessary to go below the governor time of 3 
secondsin order to meet ordinary commercial regula- 
tion practice in regard to speed variation and, if a 
governor time of 3 seconds is utilised for plants having 
appreciable length of penstocks even under medium 
head it will be found that more satisfactory hyraulic- 
conditions will result than from the use of a much 
shorter time. In high head plants it may be desirable 
to go as high as 4 or 5 seconds for a full stroke and 
possibly more than this in certain cases. 


In all calculation of WR?, governor time, etc., it is 
assumed that the unit is isolated from the system 
without securing any benefit of connected fly-wheel 
effect of other generating units or of the load which it 
is carrying. In actual practice for small load changes 
which do not change the speed sufficiently to trip the 
relay devices, the connected flywheel effect of the sys- 
tem assists materially in reducing the speed fluctua- 
tions. 


Pressure Regulation 


For all types of plants, even those operated under 
high heads with long pipe line, it is usual to adopt a 
closing or opening time of the guide vanes which is 
much greater than the time of reflection of the pressure 
wave. With normal operation, i.e., with loads thrown 
on and off, either slowly as the system requires or 
rapildly during faults, the pressure regulations of 
water turbines fall almost antirely within the category 
of slow surges. 


Fig. 6 givesthe change of pressure for any given set 
of conditions of water quantity and waterway dimen- 
sions. The momentum and starting time of the water- 
ways in the calculation are defined as given below: 


Momentum waterway =LV 
Starting time of waterways } LV 


(hydraulic inertia) J g in Secs. 
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where L=Length of the pipe line 
V=Velocity of water in ft.'sec. 
H=Working head. 

The pressure change is obtained from the figure 


after calculating the value ae 
e 


Woere T. — governor closing or opening time. 


When pressure rise is considered, net head should be 
used for calculating § and friction losses in the pipe 
line added to the calculated pressure rise to obtain 
the maximum pressure. Inthe same way for pressure 
drop, initial head is used for calculating 6 and 
friction losses subtracted to arrive at the lowest 
pressure. 


Speed and Pressure Rise and Speed Drop of Units in 
Madras State 

The pressure and speed rise for full load thrown off 
condtiions of the turbines in operation in the 
Madras Grid are given in table 10. 








Table 10 
Plant Pressure Rise Speed Rise 
Pelton: 
1, Pykara 7810 kVA 11.5% 13% 
12500 kVA 10% 11% 
16000 kVA 10% 10% 
2. Moyar 12000 kW 10% 10% 
3. Kundah (i) 24000 kVA 15% 30% 
(ii) 42000 kVA 10% 30% 
Francis: 
1. Mettur 10000 kW 20% 30% 
2. Papanasam 7000 kW 10% 13.5% 
3. Machkund 
(Andhra) 17000 kW 15% 16.5% 
4. Periyar 35000 kW 30% 11% 





Table 11 gives the speed drop for some of the 
units referred in Table 10. 


Table 1i 
Station Speed drop% 
Pelion 
Pykara 7810 kVA_ 60 
Moyar 12000 kW 25 


Kundah — 1 


Kundah — 2 


24000 kVA 30 
42000 kVA 30 


Francis 
Mettur 10000 kW 18 
Papanasam 7000 kW 22.5 
Machkund 17000 KW s.25. (50% suddenly) 
(Andhra) 


Periyar 35000 kW 330 


Pressure Regulators 
Pressure regulators may be desirable in high head 


installations to permit rapid closing of the turbine 
wicket gates without creating excessive pressure rise. 


They are ordinarily notrequired unless thelengthof 
the penstock from the forebay or surge tank to the 
turbines exceeds 5 times the maximum net effective 
head. 


Pressure regulators may be water saving or water 
wasting type. A water wasting pressure regulator is 
designed to maintain constant velocity in the pipe 
line at all conditions of load. The opening of the 
pressure regulator is adjusted in proportion to the 
gate opening so that water not used by the turbine 
will be discharged through the pressure regulator. 
This system does not allow economical use of water, 
but may be necessary where there are rapid load 
fluctuations especially where there may be _in- 
stantaneous demand for a large increase in power. 


Water saving pressure regulators are designed to 
open only when the turbine gates are closed rapidly 
and are designed to close slowly so that there will 
be no serious over pressure set up in the penstock. 
Many pressure regulators are now constructed so 
that they may be operated either as water saving or 
water wasting type. 

Warre plants have relatively short penstock lines 
or.they can operate on block load with governors under 
the control of load limiting devices, conditions are 
ideal for the use of water saving relief valves. In this 
case, the relief valve is arranged to open practically 
synchronously with the closure of the turbines gates 
and then to close gradually and stop the flow of water 
through the penstock. 

The size of capacity of the relief valve has a direct 
relation to the length of penstock and an inverse rela- 
tion to the time of governor stroke. 


Ona very short penstock with a low head, the relief 
valve may be omitted with safety, but with a long 
penstock it is necessary to have a relief valve capable 
of passing the maximum flow of water taken by the 
turbine. 


Between these limits. it is customary practice to use 
relief valves having from 50 to 80 per cent capacity 
provided that the pressure rise due to turbine gate 
closure does not exceed 20 to25 per cent of static head. 
There is an approximate criterion that states that 
when the time of governor action is shorter than 
Length of penstock x Velocity in penstock 


10 x Head 
valve should be installed. Thisis only an approximate 
rule, however, and the particular problem should al- 
ways be thoroughly investigated, balancing the cost 
of the relief valve against the cost of the penstock and 
hydraulic equipment necessary to withstand the 
increased pressure which would result if the relief 
valve is omitted. 





a relief 


Pressure regulators should be avoided unless they 
can be justified from an operating stand point as for 
example when need arises for a synchronous by-pass 
to maintain a constant flow in long canals or tunnels 
or penstocks where the flow cannot be readily stopped 
or started or when a unit at the end ofa long penstock 
is required to pick up or reject a load suddenly. 
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Fig. 3. Specific speed limitation curves for francis runners. 
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CAVITATION IN WATER WHEELS 


Cavitation is defined as the formation of voids 
within a body of moving liquid, when the particles of 
the liquid fail to adhere to the boundaries of the pas- 
sage way. The failure of the particles to adhere to the 
boundaries occurs when there is insufficient internal 
pressure to overcome the inertia of the particles and 
force them to the sufficiently curved parts along the 
boundary. The voids or cavities thus formed become 
filled with the vapourof the liquid and cause formation 
of vapour bubbles. Since the inertia of a particle of 
liquid varies as the square of the velocity and since 
greater the inertia, the greater the pressure required 
to force the particle to take a curved path. it is 
apparent why cavitation is usually associated with 
high velocities and low pressures. 

Cavitation occurs in hydraulic turbines usually on 
the underside of the runners and the top of the draft 
tube where the pressures are below atmospheric to 
account of the elevation of the turbine runner over 
the tail water. 

Theturbines should be set with respect to tail water 
at the economic elevation based on structural require- 
ments provided that this results in a setting low 
enough that the maximum permissible total draft head 
or suction pressure on the discharge side of the runner 
will not be exczeded. Draft heads in excess of the 
maximum permissible value may produce cavitation 
which will cause a reduction in efficiency and will 
result in gradual destruction of the metal in the 
runner. 

Fora givenrunner and draft tube the upper limit of 
the suction head (H, ) isdetermined by the occurrence 
of cavitation phenomenon and the extent of the suc- 
tion head can be computed from an empirical formula 
or from various equations deduced by various 
authorities. 

The figures thus obtained are quite reliable in case of 
small units operating at normal heads but model tests 
must be resorted to when dealing with large high head 
turbines. 


The elevation finally selected for the runner should 
ensure a pressure head that will result in undisturbed 
running and safeguard against cavitation as well as 
against turbulence in the draft tube during gover- 
ning operation. 


The maximum permissible total draft head H, is 
determined by the formula 


(¢) For francis wheels 


_ H,—H, 


0.625 ™ 2 
100 


(it) For propeller wheels 


u— 4-H, 


x ae 2 
0.25 ti x /N, 
; 100 


H 





21 


Where H, is the atmospheric head minus vapour 
pressure head 


H is the operating head and H, is the suction head 
In a water wheel operation 

HM=H,—H, —cH 

H,—H,,—H; 

a 


or o> 


Where 

o0 = is the cavitation factor. This is the 
value at which cavitation begins. In an 
actual installation should be higher than 
the critical value. 


is the head in feet of vapour pressure. 
is the barometric pressure is feet of water 
column. 


= is the suction head. 


= istheactual head acting upon the turbine, 
measured at the centre line of the runner. 


In a given installation, if the head water and tail 
water installations are simultaneously reduced by 
equal amounts, keeping the effective head the same, 
H, will be inreased and H,, correspondingly reduced. 
If this reduction of H,, iscarried far enough, it will 
reach a limit, below which it cannot go, (i.e.) below 
the vapour pressure of water. When it reaches this 
point the water at the local point inthe stream where 
H,, occurs, will begin to vaporise and form vapour 
filled cavities within the flowing body of liquid. 

At this point, the coherence of the water is broken 
and air with its constituent elements 0,and N, and 
etc., is freed from the water anda series of bubbles 
are formed which further aid in the vapourising of 
the water. These small voids or bubbles occur in eddies 
or vortices. As these pass over the casing of the run- 
ner,they get into higher pressure regions and suddenly 
collapse. 

The formation of these pockets or cavities is known 
as cavitation. The formation of cavitation at vapour 
pressure conditions is common experience and it 
implies that water has no tensile strength, while the 
breaking strength of water between its molecular 
layers has been estimated at 150,000 p.s.i. This 
condition where cavitation begins is a critical point in 
the operation of the turbine. 

If a turbine is installed with the runner too high 
above tail water or sump level so that the critical 
point of cavitation is reached, the water then flows 
to the region of minimum pressure and vapourises. 
As it passes on, beyond this local point to a region 
where the pressure is above the vapour pressure, the 


H 
H, = 
H 
H 


water will then return from the vapour state to the 


liquid. It willsuddenly condense. Moreover the pres- 
sure at a given point in such a stream is never per- 
fectly steady and vapourisation and subsequent 
condensation can occur at the same spot. The effect 
of the rapid condensation and the collapse of the 
cavity, is of the nature of an explosion and repeated 
reforming and collapsing of the cavities sometimes 
sounds like a machine gun. Serious mechanical vibra- 
tion and unstable operation of the machine may 
develop. 
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These objectionable effects of cavitation like im- 
pairment of efficiency and power, vibration and ins- 
tability of operation are, however, overshadowed in 
importance by the most serious consequences of 
cavitation, viz. , pitting of the metalsurfaces exposed 
to it. 


To avoid this plague which sometimes sets in, the 
only safe procedure is to determine the cavitation 
coefficient of any machine which is to be installed, and 
to see that the static draft head required by the setting 
isnot excessiveforthe particulardesignofthemachine. 
For low speed machines, the cavitationcharacteristics 
may be usually estimated on the basis of experience 
with the installations of similar type, but with high 
speed type turbines such as propeller turbines, the 
only safe procedure is to make a cavitation test in 
the Laboratory of an exact model of each contem- 
plated installation, covering a range of conditions 
equivalent to the full range of heads and loads to be 
encountered in the field. 


There are many theories concerning the actual 
mechanics of the pitting action, but as yet none of 
them has been proved to the point where it is accepted 
as actual fact. One of the most popular theories is 
that the extreme localised pressure developed upon 
collapse of the vapour bubbles forces the water 
into the pores of microscopic cracks in the metal or 
between the grains in the metal structure where the 
water is actually compressed. As the pressure is reliev- 
ed, perhaps due to the formation of another vapour 
bubble the water expands and actually explodes in 
the metal tearing away the surface metal at that 
localised point and causing pitting. 


Pitting is differentiated from cavitation as to actual 
erosion of the material under the pressures produced 
by the collapse of bubbles formed by cavitation. 
Experiments on the actual formation, growth and 
collapse of bubbles indicated that the bubbles were 
about } inch in diameter, their life was .003 seconds 
and their maximum velocity of collapse was about 
765 feet per second, occurring at the instant of com- 
plete collapse and the force of impact has been esti- 
mated to reach 100000 tons per sq. inch. 


Actual tests on a venturi with a }” diameter 
throat showed that cavitation started witha velocity 
of flow of about 55 feet per second and absolute pres- 
sure of 0.5 psi. in the throat. 


From the water hammer formula P=65 V, it can be 
calculated that the collapse of each bubble produces a 
pressure of at least 50,000 psi. (P-65 x 765) =50,000 
psi. 


This pressure is of course concentrated upon a micro- 
scopically small area which enables it to attack the 
individual grains or even the grain, boundaries in 
material exposed to cavitation. Since the bubbles 
form and collapse at the rate of 10,000 to 20,000 per 
second it is apparent that the destruction of the metal 
is largely due to a fatigue failure. 


Cavitation can be reduced or eliminated only by 
increasing the back pressure from the tail race or the 
discharge side of the turbine blades or by decreasing 
the velocity of flow. The pressure on the discharge 


side can only be increased by setting the turbine 
runner low with respect to tail water. The velocity 
can be reduced by increasing the size of the runner. 


The surfaces of a hydraulic turbine which are nor- 
mally affected by the action of cavitation are the 
discharge surfaces of the buckets, or blades areas on 
the crown, inside surfaces of the shroud band, on 
the throat liner, at the tips of the blades, and the 
upper portion of the draft tube. In rare cases there 
may be pitting on the pressure faces of the buckets or 
blades due to an unusual amount of overhang of 
the wicket gates, improper design or unusual operating 
conditions. Pitting of the outside of the shroud 
band may also occur if hydraulic conditions in the 
draft tube are suchastodevelop considerable vacuum 
in that region. Pitting generally occurs on the intake 
sides of the blades or vanes, of the pump impeller, the 
casing, near the tips of the vanes, or other low pressure 
areas. Cavitation in hydraulic turbines usually affects 
the performance adversely from the stand point of 
efficiency and power and the life of the tubines parts. 
It also makes the production of power and efficiency 
unreliable. Cavitation damage is probably responsi- 
ble for more time out for repairs than all other mecha- 
nical difficulties. 


Safeguards against Cavitation 


(a) The most effective and surest way to prevent 
cavitation is to set the runner ccmparatively lcw with 
respect to the tail water elevation by making H, 
small or even negative, high value for power plant 
sigma will be obtained. The higher the value for 
power plant sigma compared to the cavitation sigma 
of the runner, the less possibility there is of cavita- 
tion and consequent pitting. This simply means that 
a high back pressure is built up on the discharge side 
of the runner which prevents the formation of cavita- 
tion voids. However, it is not always desirable frcm 
an economical stand point to set a runner sufficiently 
low to eliminate all cavitation, since this may result 
in excessive excavation and foundation costs. 


(6) Another method of reducing or el’minating 
cavitation is to reduce discharge velccities cf the run- 
ner. The lower the velocity the less tendency there is 
for cavitation. However, this calls for an increase in 
the size of the turbines for the same output. 


(c) The shape of the turbine runner blades will also 
effect formation of cavitation. Sharp or sudden change 
in shape is asource of cavitation, because cf the in- 
ability of water particles to follow the changesin shape 
under certain conditions of velocity and pressure. 
This charateristic is taken into account by the desig- 
ner who attempts to so shape the runner blades as 
to make flow passages smooth and eliminate all abrupt 
changes, humps and depressions. 


There is a tendency today to use higher turbine 
speeds and to increase the power frcm a given size of 
machine. This is due to a general improvement in 
hydraulic designs and toa better understanding of 
what can be done without risk of serious cavitation 
damage. Pushing too far in this direction without 
adequate information can be a serious mistake; onthe 
other hand, using too conservative a design because of 
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lack of information is also wrong because unnecessary 
capital charges on equipment are as real as repair 
bills. 


Much can be done to prevent cavitation damage by 
careful design of the hydraulic turbine especially of 
the runner. Every effort is made to reduce the ten- 
dency to cavitate by preventing sudden changes of 
the direction of water flow in low pressure areas and 
by forming the surfaces in these regions smoothly. 


Pitting of turbine runners is known to occur in all 
types of runners and kinds of metals. In atmospheric 
corrosion, the products of corrosion remain on the 
surface, while with pitting of the runner, the products 
are carried away and the pitting surface exposed to 
further attack. In severe cases runner buskets 2” 
thick have been eaten through in less than 2 years. 


Nearly all the pitting of turbine runners has occur- 
ed on the back of vacuum side of the wheel, suggest- 
ing that the degree of vacuum or the draft head acting 
on the runner is a factor in pitting. 


The action due to cavitation is therefore funda- 
mentally mechanical. 


Froman operatingstandpoint, higher speed, higher 
head, or greater capacity, lowering of tail water or 
improving ofdraft tubeefficiency and finallyespecial- 
ly under high heads operating at gate openings other 
than the best gate opening all contribute towards 
pitting. Runner design as to bucket size, angle of 
curvature as affecting tendency of the stream to pull 
away, draft tube design, all influence pitting. 


Pitting Resistance of various Runner Metals 


All metals presently used in the manufacture of 
hydraulic machinery are affected and damaged in 
varying degrees by the action of cavitation. Stain- 
less steel and Ampco bronze either cast or deposited 
by welding are nearly impervious to cavitations. 
These metals when applied over areas subject to 
cavitation are called anti-cavitation coatings. 


Table 12 gives the relatives loss of metals due to 
cavitation. 


Table 12 


Pittine RESSISTANCE OF VARIOUS TURBINE RUNNER 
METALS 





Type of Material 


— — 


Relative rate of Pitting 


Welded stainless steel 


17 Cr—7 Ni 1 

Cast stainless steel 12% Cr 3 
Welded stainless steel 

18 Cr-8 Ni 5 

Cast stainless steel 18-8 5 

Aluminium bronze 25 

Cast steel 0.33 C 37 

Manganese Bronze 80 

Sprayed stainless steel 18-8 122 

Cast iron 224-375 
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COMPARISON OF PELTON AND FRANCIS 
WHEELS 


Head 


A pelton wheel must always be set at a higher 
level than the highest tail-race level and therefore 
shows a loss of head when compared with the Francis 
turbine which due to the draft-tube makes use of 
the total available head. 


The Francis turbine therefore shows a distinct 
advantage, particularly in installations in which the 
variations of the tail race level are important. In 
the case, forexample of a plant-operating with a head 
of 1000 ft. and having a tail race level varying by 10 ft. 
the Francis turbine which can operate perfectly well 
with a ‘back pressure’ can make full use of the total 
head even if the conditions to be observed to avoid 
cavitation require that the runner should be placed 
at a level very near or below the lowest tail-race level. 
In the case of the Pelton, however, the runner will 
necessarily have to be placed at least 6 ft. above the 
highest tail-race level, and hence in respect of the 
operating head sustains permanent loss of between 
0.6 and 1.6 per cent. 


A further advantage of the Francis wheel lies in the 
fact that it accommodates variations of operating 
head far better than a Pelton wheel. 


Francis turbines adjust themselves be ter to varying 
water levels in a storage reservoir and will therefore 
use this storage to better advantage and with an 
improved mean efficiency. 


Efficiency 

The efficiency curve of a pelton wheel will remain 
slightly lower than that of a Francis turbine but the 
efficiency curve will be less affected by variations 
of the load. The balance in favour of the Francis 
turbineis further increased by the gain in the operating 
head, which amounts in fact to an augmentation of 
the overall efficiency of plant. Because of the wider 
latitude within which the velocity coefficient of a re- 
action runner can vary, the Francis turbine has a 
decided advantage as regards efficiency if the opera- 
ting head varies appreciably. 
Speed 

For given operating conditions, the speed of a 
Pelton turbine could reach the lowest speed which can 
be considered for a Francis only by providing it with 
at least four jets. Where large outputs are considered, 
besides the inconveniences inherent to a four-jet 
turbine, it is common knowledge that high specific 
speeds are inappropriate for multiple-jet turbines, 
with the consequence that Pelton turbines will always 
run at an appreciably lower speed than a Francis 
designed for the same conditions. 
Dimension 

With the higher speeds obtainable with Francis 
turbines it follows that their overall dimensions will 
be appreciably smaller than those of the equivalent 
Pelton machine. Moreover, the water admission to the 
turbine (spiral casing and guide apparatus) surrounds 
the Francis runner much more closely than the supply 
pipes of the Pelton which are necessarily designed with 
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gently radiused sweeps to obtain the regular, easy 
curves to reduce as far as possible the rotational com- 
ponent of the velocity, which is very detrimental to 
the quality of the jet. For similar reasons the water 
velocity in the lead-in pipe of a Pelton turbine is 
generally kept much smaller than in the spiral casing 
of a Francis turbine and this naturally leads to larger 
diameters and consequently to a further increase of 
the dimensions of a Pelton turbine. 


Wear 


This problem concerns water-turbine practice as 
a whole but is of particular importance in the case of 
highhead machines, especially if the water contains 
abrasive sand. 

Pelton turbines are sensitive to the wear of the 
needles, nozzles and of bucket splitters. It iseasy to 
understand that with the high water velocities which 
occur in a Pelton bucket the least roughness of the 
nozzle and needle surfaces will cause a distortion of 
the jet which will cause it to spray, lose its compactness 
and to impinge on the buckets in conditions that are 
very detrimental to the efficiency of the machine. 


As regards the runners, the Francis is favoured in 
that the water velocities are considerably lower and 
the bucket curvatures muchlesssharp. The weakest 
point of Pelton buckets, with respect to wear and its 
influence on efficiency, are the lips and the tips of the 
splitters. The pelton turbines require constant care 
and repairs or otherwise the turbine efficiency will 
fall away very rapidly. 

Conditions are much more favourable in a Francis 
runner where the stream of water is perfectly guided 
and enters the blading at a much lower velocity; the 
runner blades are streamlined and have thick rounded 
inlet edges which permit considerable variations of 
the angle of approach of the stream of water without 
detriment to the efficiency. 


Francis turbines are, however, sensitive to the 
abrasive effect of sand passing over the cheeks of the 
distributor, between these cheeks and the guide vanes 
and through the runner clearances; this wear can 
however be met satisfactorily by judicious design of 
the runner clearances and by the use of appropriate 
materials. 


Maintenance 


The overhauling of a Francis turbine generally 
entails the adjustment of the runner clearances by 
replacing the stationary rings and touching up the 
runner bands, or vice versa, and eventually the re- 
facing of the distributor linings. It is very seldom 
necessary to repair the runner blading by welding 
and even then no annealing is required as local 
stresses have not the same importance as in Pelton 
runners. 


The welding of the guide vanes requires no ex- 
ceptional skill and can be done on site in the power 
house repair shop so that, really, the only delicate task 
required for the maintenance of a Francis turbine is 
the upkeep of the runner bands and stationary rings; 
no building up and reshaping of the hydraulic profile 
is required. 


For a Pelton turbine, on the contrary, besides re- 
placing the needle tip and the throat ring of the in- 
jector, each bucket must be required by welding over 
the whole or part of its surface and the splitter and 
cutout must be carefully built up and reshaped. The 
buckets must then be ground down to their original 
shape; this work can only be done by hand and re- 
quires careful checking by means of the original tem- 
plates. After grinding it is advisable to anneal the 
runner so as to relieve local stresses caused by the 
welding and tomakea careful inspection for shrinkage 
cracks etc. This work is of extreme delicacy and 
requires a great deal of skill; moreover it must be 
frequently repeated if the efficiency of the turbine is 
to be maintained within a reasonable measure of the 
initial figure. The relative simplicity of access and 
dismantling which is generally a feature of Pelton tur- 
bines is therefore more than counterbalanced by the 
frequency with which overhauls are necessary. On 
the contrary the efficiency of a Francis turbine is not 
nearly so sensitive to wear, moreover it is fairly easy 
to take steps to minimise the time required for re- 
placing those parts which are subject to wear. 


Regulation 


All other factors remaining equal when full load is 
thrown off, the momentary speed rise will be about 50 
per cent higher for a Francis unit than for a Pelton 
Unit. 

Tosum up, the points in favour of the Francis tur- 
bine are a more complete utilisaticn of the heed and 
higher operating efficiencies for loads ranging between 
half and full load. 


The gain in the utilisable head is undeniable, and is 
entirely independent of the load. The question of the 
efficiencies deserves to be examined in each particular 
case, according to the load factor of the machines. 
With plants having storage reservoirs working accord- 
ingtopredetermined prcgre mme it is generally pcssible 
to operate Francis turbines at loads within the range 
of their maximum efficiencies. The Peltons have the 
advantage when one units of a power house has to 
serve as standby and to run at small load for long 
pericds or when in run-of-the river plants, the avail- 
able discharge remains for long periods appreciably 
lower than the discharge required to run the turbine 
at half load. 


The speed of the Francis will always be higher than 
that of the Pelton with corresponding reductions in 
the cost of the generators and in the dimensicns of the 
units, the machine hall and the power house 
equipment. 


The efficiency of a Pelton is maintained in the 
neighbourhocd of its original values at the cost of 
frequent overhauling and repairs. 


The satisfactory cperaticn of numercus high-head 
Francis runners has proved that this type of turbine 
is perfectly suited to heads ranging between 1000 
meters and the experience gained with these machines 
leaves nodoubt that the limits they have now attained 
may be appreciably increased in the future. 
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A Comparative Study of 
the Kaplan and Deriaz Turbines 











The Deriaz turbine is the outcome of research and 
development to provide a turbine, operating under 
heads in excess of 200 ft which would have the flat 
efficiency (load characteristic as well as the part gate 
stability of operation of the wellknown Kaplan 
turbine. It is well known that at heads above 200 ft 
the application of the Kaplan becomes extremely 
difficult both hydraulically and mechanically 
and so the problem is solved by means of a mixed 
flow variable pitch blade runner. The history of this 
work has been published’). 


The first application of the new design was at the 
Sir Adam Beck-Niagara Pumping Generating Station 
of the Hydroelectric Power Commission of Ontario, 
where the unitsare required to run both as pumps and 
turbines. Six machines are installed with a total 
pumping capacity of 300,000 HP, See Fig. 17. At 
present three Deriaz turbines of 110,000 HP each are 
being designed for a Spanish power station. These 
also will run in reverse as pumps. See Fig. 2. 


The author finds, as a result of detailed study, that 
for heads in excess of 120 ft the mixed flow Deria 
turbine has marked advantages over the axial flow 
Kaplan turbine. With heads lower than 120 ft the 
higher speed of the Kaplan and consequent cheaper 
generator are predominating features in favour of the 
Kaplan. 


To illustrate the advantages of the Deriaz machine, 
the remainder of the present paper sets out the results 
of the study made recently to compare a Deriaz 
turbine with a Kaplan for a specific installation. The 
design data is the same -for both machines, as 
follows: — 


Output 30,000 HP; Head 180 ft; Speed 300 rpm 
Specific Speed ns =350 (metric) 


The cross-sectionalarrangements of the two designs 
are shown in figures 3 and 4. It can be seen that they 
have the same guide vane pitch circle diameter, 
although the Kaplan has a some what larger gate 
height. 


On this design the axis of the blades on the Deriaz 
machine are inclined at 30° to the horizontal which 
differ from the 45° hitherto adopted at Niagara. 
(Fig. 1). This is in order to suit a higher specific 
speed for this particular turbine. 


We shallnow consider the relative merits of the two 


‘alternative designs as shown in fig. 3 and on fig. 4 


from the hydraulic and mechanical points of view. 


HYDRAULIC CONSIDERATIONS 


In comparing the hydraulic profiles of fig. 3 and 
4 it will be noticed that fig.3 is better streamlined, 
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i. e. offers a more direct passage from the gate 
apparatus to the draft tube. 


Because the runner hub in fig.3 is much shorter 
than in fig.4 the wetted perimeter is reduced anda 
reduction in friction losses results. 


The head of 180 ft which is high for the Kaplan 
calls for a relatively low specific speed. The radial 
extent of the blade AR, should accordingly be small. 
This is readily achieved on the Deriaz without an 
increase in the water velocities because the mean 
radius at blade entrance is larger. In the case under 
consideration the radial extent AR, of the blade on 
the Deriaz machine is 8% smaller than onthe Kaplan. 
It should also be noted that while both designs have 
the same runner outlet area, the inlet area on the 
Deriaz is 27% larger than on the Kaplan. Low 
inlet water velocities are thus achieved. 


Inlet and outlet velocity triangles for the mean 
blade section are shown for both Deriaz and Kaplan 
in figure 5. The increased inlet peripheral speed u, of 
the Deriaz combined with reduced inlet water velocity 
c, make the inlet and outlet relative velocity vectors 
w, and w, almost parallel, i.e. the inlet and outlet 
blade angles 8, and B,arethesame. For the Kaplan 
w, and w, are divergent, as the triangles show, B, 
B,. When the blade is rotated, the inlet and outlet 
blade angles change simultaneously by the same 
amount, i.e. on the Deriaz they remain parallel, while 
on the Kaplan they remain divergent. As the flow 
conditions require that both £, and B, tend to zero 
when the flow reduces to zero, the Deriaz Runner 
remainsin accordancewiththe hydraulic requirements 
at all blade angles. This results in a higher efficiency 
than the Kaplan at very reduced loads. 


Compared with the Kaplan, the Deriaz machine 
has a reduced mean diameter at outlet for the same 
outlet area. This is the result of the smaller hub 
diameter at blade exit (D,; see fig. 3 and fig. 4). This 
reduces the peripheral speed u, and hence the relative 
water velocity w,. An improved cavitation factor 
results. 


The cavitation factor is also improved by the 
angles B, and B, being equal. This means that the 
lowest absolute pressure zone is no longer on the 
convex side of the blade as inthe Kaplan (necessitat- 
ed by the deviation from f, to B,) but is displaced 
downstream of the runner exit. 


At abnormally high speeds the mixed flow design 
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tends to reducethe discharge. This effect is known on 
a Francis turbine of low specific speed, and gives a 
corresponding low runaway speed as compared with 
the Kaplan, where the axial flow results in high over- 
speeds and in high discharges at runaway. The reduc- 
tion in runaway speed results in a cheaper generator 
for the mixed flow design. 


Due to its larger hub diameter at blade inlet, 
the Deriaz runner produces a lower hydraulic thrust 
than the Kaplan. 'lhis is caused by the seal of large 
diameter (5) on the largest hub diameter (fig. 4) as 
compared with the small diameter of the shaft gland 
on the Kaplan (fig. 3). The space between seal (5) and 
shaft gland is connected tothe tailwater on the Deriaz 
design. 


With the relatively high head under considera- 
tion it is essential that the hub be of spherical form to 
prevent gaps between the blade and hub when the 
formeris rotated. Inthe Kaplan version, thisspherical 
hub produces a marked change in direction of the flow 
lines at the low pressure zone and thus there is a 
further risk of cavitation. The larger Deriaz hub leads 
to a larger spherical radius and a less pronounced 
change in direction, which is at the same time well 
upstream of the low pressure zone. The cavitation at 
the hub is therefore eliminated. 


If operation as required then the mixed flow 
design is able to produce a very much higher head 
than the axial flow design. This is illustrated in fig.6. 
This figure was published in the paper by the author 
at the World Power Conference of 1958,%) but has 
since been revised in line with recent studies. These 
have shown the possibility of extending the applica- 
tion of mixed flow design to much higher heads than 
was then anticipated. The dotted zones in fig. 6 
are an indication of the extension in head that are 
considered practical, both for turbine and pump 
operation. 


MECHANICAL CONSIDERATIONS 


The high head calls for a greater number of runner 
blades with relatively large trunnions to sup- 
port the hydraulic forces. In the present study 10 
blades are accommodated in the Deriaz version 
against 8 blades for the Kaplan. This is achievable 
without difficulty in the larger hub. 


The inclined position of the blade trunnions 
results in the centrifugal force F from the blade (see 
fig. 3) having a momentum F xe opposed to the 
momentum of the resultant hydraulic pressure 
P xi. It follows that the larger and more heavily 
loaded trunnion bearing is partly relieved. In the 
present study the relief amounts to43% on the larger 
bearing and 13% on the smaller bearing. 


There is no corresponding relief of bearing loading 
in the Kaplan version of fig. 4, because the centrifugal 
force is in line with the blade trunnion. 


With the high heads under consideration, the 
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operating gear common to the Kaplan turbines and 
illustrated on fig. 4 becomes very difficult to locate. 


(a) There is very limited space between the large 
trunnion bearings and the operating levers (7) which 
are placed between these bearings, become extremely 
short, unless the hub diameterisincreased much more 
than is desirable from an hydraulic point of view. 


(6) The shortness of lever (7) givesrise to high forces 
on the links (8) and reduced strokes (9) of the opera- 
ting rod (6) and servomotor piston. 


With the Deriaz design illustrated in fig. 3 these 
difficulties are overcome as follows :— 


(a) The levers (7) are at mid stroke position in the 
radial plane of the blade trunnions. They can thus be 
accommodated without difficulty. Their length can 
therefore be larger even with the increased blade 
number. 


(b) There are no links like (8) of fig. 4. The trans- 
mission is direct through the sliding block (8) of 
fig. 3. 


Fig. 7 describes a design sometimes used with 
Kaplan turbines to overcome the limitation on the 
dimension of the lever. Here the lever (2) is larger 
than the spacing of the trunnioncentreline (1) would 
allow. This necessitates an intermediary bell crank 
lever (4) with fixed fulerum (5) and two double-links 
(3) and (6). 


All this gear has to be accommodated in the restric- 
ted space within the hub. The larger the number of 
clearanced pins and bearings, the Jess accurate 
becomes the control of the position of the runner 
blades. Considering the high degree of finish required 
and given to Kaplan blades, it does not seem satis- 
factory to introduce devices which allow for possible 
diversity in the angular position of the blades. 


The servomotor of the runner blades is the item 
that differs mostly between the Deriaz and Kaplan 
designs. See fig. 3 and 4. With the Kaplan, the 
servomotor has a stroke (9) axialto the turbine shaft. 
The servomotor acan generally be placed as shown 
by (10) on the shaft where no diameter restrictions 
occur. 


On many Kaplan designs this servomotor can be 
located in the position indicated by (11),i.e. inside the 
hub, thus aboiding the long and heavy piston rod (6). 
For high heads this is not possible since the diameter 
(13) exceeds the available space (11). One solution 
consists in raising the governor oil pressure to permit 
reduction in servomotor volume displacement, 
going to 400 psi which is not usual. Another system 
consists in building a double tandem servomotor in 
the space below the diameter (11) inthe hub, which 
is very complicated. 


On fig. 3 the Deriaz version shows the servomotor 
(10) of the moving vane type. The section AA is 
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given on fig. 8 and shows four fixed vanes (3) attached 
to the body (1) and four movalbe vanes (2) attached 
to the operating shaft (6). These vanes separate eight 
chambers, four of which (left hand) give movement in 
one direction when filled, whilst the four others 
(right hand) are connected to exhaust, and vice versa. 


The servomotor height (10) (see fig. 3) can be varied 
to suit the energy required to operate the runner 
blades without an increase in the overall diameter of 
the servomotor body. The shaft (6) operates over 
the angular stroke (9) of fig. 8. Its displacement is 
trasnsmitted to the levers (7) of fig.3 by a mechanism 
which is given in further detailson fig.9. For clarity, 
the blade trunnion is not shown but only its centre- 
line. Again on the end view the pins (14) have been 
removed for clarity. 


The gear is drawn for position of mid stroke as for 
fig.8. As the servomotor shaft (6) assumes other 
positions, the levers (7) incline as can be seen in the 
photograph of fig. 10 which shows the levers in 
“blades shut”’ position. 


The geometrical requirements for correct function- 
ing are that the centreline of the pin (14) and its slid- 
ing block (8) meet point (16) where the runner blade 
trunnion centreline and the vane servomotor centre- 
line meet. 


This construction is new and protected by patent. 


The moving vane servomotor as per fig. 8 is some- 
what more intricate to manufacture than a plain 
cylindrical s2rvomotor. It brings, however, conside- 
able simplification elsewhere and is thereby fully 
justified economically. It has proved entirely reliable 
in service. 


When the Kaplan turbine is designed for high 
headsit is essential that the runner envelope be spheri- 
cal both above and below the blade centreline in order 
that there should be no gap between blade and enve: 
lope. It follows that to dismantle the machine the 
upper half of the envelope must be removable. The 
shaded part of fig. 4 indicates the portion of the 
envelope that must be made removable. The Deriaz 
type runner is free from this difficulty. The spherical 
surface is built all along the runner skirt and at the 
same time this part can be connected in once and 
for all as it requires no subsequent dismantling. 


Especially for high heads, gap cavitation requires 
close supervision. This cavitation is caused by the 
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clearance between tip of runner blades and the fixed 
envelope surrounding them. With the axial runner 
(Kaplan) this clearance is fixed at the time of manu- 
facture and cannot be controlled thereafter without 
modifications to the blade tips. 


With the mixed flow design (Deriaz) this clearance 
isreadily adjusted by setting the position of the runner 
in such a way that only just the required running 
clearance is allowed. This adjustment does not re- 
quire any dismantling and is achieved by the setting 
of the thrust bearing pads. 


It therefore follows that the mixed flow design is 
much better suited to high heads than the axial 
flow design. 


Station Arrangement: The shorter runner hub and 
the lighter generator design permit the installation 
of a lower crane of smaller capacity with the Deriaz 
design. This leads to very valuable economy in 
building costs, 


CONCLUSION 


The present paper has outlined the advantages 
that result from the mixed flow design of variable 
pitch runners. It is the author’s opinion that more 
and more applications will be found and realised in 
future. The field for these applications is not yet 
fully explored. Particularly in the reversible pump 
turbine field, as is required for storage of energy by 
hydraulic means, the mixed flow Deriaz design offers 
the only solution for a centrifugal pump that can be 
controlled in its power input over wide ranges and 
with high efficiencies. This is essential for high 
heads and very large size units. This consideration 
permits a high flexibility of service on the pump 
cycle comparable to that on the turbine cycle. It is 
this flexibility that has caused the hydraulic turbine 
prime mover to be so very greatly appreciated for 
peak load generation. It can now be obtained on the 
pump cycle. 
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The Hydraulic Turbine in Evolution 





In this paper an endeavour is made to give an ap- 
praisal of some aspects of the evolution of hydraulic 
turbines during the last 50 years. 


It has been sometimes said that hydraulic turbines 
reached such a degree of perfection some decades ago 
that only minor changes can be expected in the way 
of improvements; contrary to that belief this 
paper will show that in certain respects spectacular 
changes have occurred in recent years with probably 
more to come in the near future. 


It will be assumed here that the reader has at least 
an elementary knowledge of what are the various 
types of conventional hydraulic turbine; the impulse 
turbine or Pelton turbine; the Francis turbine; the 
propeller turbine (fixed blades); and the adjustable- 
blade propeller turbine or Kaplan turbine. 


To these in recent years various types have been 
added using a runner similar to that of the Kaplan 
but putin quite different settings. Of these new types 
the most important is probably the Bulb turbine 
(also called Turbe turbine) which is briefly described 
below. , 


Several types have been designed so as to be used 
either as a pump or a turbine. 


With the rapid development of electric power at 
the turn of the century, hydraulic turbines were 
designed for greater output and higher speeds. 


However, for some years the maximum size of unit 
was limited by the possibilities of the thrust bearings 
then available, and most of these bearings were short- 
lived even on units of only 5000 or 10000kW, which 
were then considered to be large ones. 


The introduction of the oil-wedge type of thrust 
bearing using Osborne Reynolds’ principle soon re- 
moved that important limitation. 


Since the advent of electric power most laboratories 
devoted to hydraulic turbine research tried to develop 
faster and faster turbines so as to reduce the physical 
size of units and their cost. In recent years this has 
been the object of a spectacularadvance especially in 
the field of low head developments and tidal power. 


Before discussing the limitation encountered in 
developing high-speed units, let us survey briefly the 
results obtained in the last half century. 


SURVEY OF RESULTS IN THE LAST 50 YEARS 


In many previous discussions of this aspect the 
various hydraulic turbines are classified according to 
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their specific speed although it is not usually made 
clear why sucha parameter is adequate to characterize 
the various types. 


The problem may be briefly stated in this way: 


The specific speed is 


_nV/N 
a (1) 
where ns is specific speed, n rev/min, N power in h.p. 
(metric), and H head (metres). 


The specific speed being a dimensional quantity, 
the system of units has to be specified. Here we will 
use the metric system and give the ft/lb equivalent 


ns (meteric) = 4.46 n, (ft. lb) 


As given by equation (1) we see that the specific 
speed depends on three parameters so that the 
same value of ns can apparently be obtained in many 
ways and conversely the knowledge of ns could not 
give an idea of the type of turbine. 


However, geometrically similar turbines operating 
under similar conditions have the same specific speed. 
It will be sufficient then for the purpose of our discus- 
sion to considerturbines with a runner of unit diameter 
(1 m) operating under unit head (1 m). 


The expression of the specific speed becomes 


n, =n, 4/Ni. (2) 


where n,., is rev/min of unit runner under unit head 
and N,., is power in h.p. of unit runner under unit 
head. 


The expression of the specific speed as given by 
equation (2) cannot be further simplified and we see 
that it is given by the product of two apparently 
independent terms. 

If these two parameters were wholly independent, 
the same value of n; could result from an infinite 
number of combinations of the two parameters. How- 
ever, although they are not linked by astraightfoward 
mathematical function, they are none the less tied 
together by a number of conditions so that when the 
specific speed of a unitis known, theessential features 
of its hydraulic design are also closely determined. 
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Practically we can consider that n,., and N,., are 
related by an empirical function F. However, this 
function F proves to be different according to the type 
of turinbe so that the specific speed isa good parameter 
to compire two turbines of the same group but 
may lead to false impressions when used to compare 
turbines of totally different types. Fig. 1 has been 
prepared to show the present trend of this empirical 
function F for both Francis and Kaplan units. 


The unit speed n,., is chosen as the abscissa and 
the unit power N,., as the ordinate. 


Curves of equal specific speed are shown with the 
value of ns in the metric system on the top left and 
with the equivalent value in ft lb at the bottom right. 

A strip marked Francis and limited by two lines 
shows the present trend of F for Francis turbines; 
the lower line corresponds approximately to the maxi- 
mum efficiency and the top line to the rated power. 
With modern units there is little scatter and the gene- 
ral trend would be similar whoever the manufacturer 
may be, although the resulting curves might not be 
indentical. We have already pointed out that F is not 
astraight forward mathematicalfunction. It isactual- 
ly a compromise between many practical conditions. 
Before we discuss some of the more important of these, 
let us remark that most research is concerned with 
large units and some conditions which may be impera- 
tive for a large unit will bear largely on all this re- 
search and indirectly influence the design of smaller 
units for which it is usually uneconomic to do any 
costly research. 

Let us now review some of the most important 
conditions that have a bearing in determining the 
narrow band in Fig. 1 where most modern Francis 
turbines plot. 

One of the most obvious conditions is that the tur- 
bine must be efficient, with a high peak efficiency anda 
sustained efficiency at both part load and overload as 
far as possible. This single aspect of the problem will 
restrict the possibilities to a band having the general 
characteristics shown in Fig. 1, but it would be much 
wider than that shown. With sufficient research 
and testing it is possible to depart widely from the 
curve and still show a high efficiency as the design 
of special purpose units has often shown. Practically, 
the efficiency condition will not be the ruling factor 
in determining the F function. 

A more important condition is economic, especially 
for large unitsitis essential that the overall dimensions 
and total weights of units be as small as is consistent 
with a good performance. Good performance means 
not only good efficiency but also ease of maintenance, 
no vibrations, no cavitation. 

It will be found that little or no cavitation is the 
most important condition. Let us compare for ins- 
tance three Francis units of the same specific speed 
(say, 70 metric), well designed as far as efficiency is 
concerned and whose peak efficiency would be respec- 
tively located at A, B, and C (Fig. 1). The unit at B 
hasa much higher unit powerthan that at A, which also 
means a higher unit discharge. This in turn means 
higher absolute velocities in all the water passages 
with increased cavitation danger, especially at the 
runner outlet and for high loads. 
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On the other hand, the unit at C has a much lower 
unit power and discharge than that at A but a much 
higher unit speed; this in turn means higher relative 
velocities in the runner créating a cavitation danger in 
the runner, especially at part loads. (A complete 
discussion of this problem would carry us too far.) 


It thusappears that if we depart from the F function’ 
the cavitation danger increases both ways, with higher 
N,.,, the cavitation danger increases rapidly especial- 
ly at high loads and with lower N,., at part loads. A 
more complete discussion would show thatto have a 
minimum cavitation danger only a narrow strip of 
Fig. 1 is available so that the cavitation condition 
practically determines the whole trend of the function 
F. Whatever margin may be available ismadeuse of 
to satisfy economic conditions. 


The natural evolution in the last 50 years has been 
toward a gradual narrowing of the available strip so 
that Francis turbines of the same specific speed have 
a tendency to have almost geometrically similar run- 
ners, not because manufacturers copy each other but 
because of complex conditions which are gradually 
becoming better known. 


Our discussion so far has dealt primarily with 
Francis units; a similar condition obtains for fixed- 
blade propeller, Kaplan and Bulb units—giving a simi- 
lar trend, the F function crossing the graph with a 
positive slope. In Fig. 1 the F trend for Kaplans 
has been shown. To avoid crowding the graph the 
fixed propeller trend has been omitted especially as 
very few such units are now being built in France. 


It will be noticed in Fig.1 that if the F functions for 
Francis and Kaplan units show a similar trend they 
are not identical. With present types of unit there is 
quite a jump from a Francis of ns =350 to a Kaplan 
of the same specific speed, the Kaplan having a much 
higher unit speed. The old Lawazeck type units 
would be in between. These had been abandoned for a 
long time until recently, when they have proved 
interesting for mediumhead units having to run part 
time as a turbine, part time as a pump. 


The F function for impulse or Pelton wheels has not 
been shown in Fig.1 because the scale chosen proves 
inadequate. Practically, for large modern Pelton 
wheels, the unit speed varies only frcm 38 to 43 while 
the unit power varies from 0.6 to 0.05 so that the 
strip representing Pelton wheels in Fig.l would be 
almost vertical but with a negative slope. 


Let us look in a more detailed way into some of the 
conditions which contribute to determining the F 
function for Pelton wheels. 


To each design of bucket corresponds a family of 
different Pelton wheels obtained by varying the pitch 
diameter and the number of buckets. 


In Fig. 2 the peak efficiency and rated power of 
two such families are shown. To avoid overcrowding 
the figure, only two representative familiesare shown 
and for clarity a very large scale has been taken for 
the unit speed. A different bucket design will be chosen 
out, however, for a-medium-head or a high-head 
Pelton. Some of the conditions to be considered will 
now be briefly mentioned. 
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Cavitation both of the bucket splitter and of the 
back should be avoided; this will limit the specific 


‘speed per jet according to the head, the present trend 


being shown in Fig. 3. 

Fatigue of the bucket metal will introduce another 
important limitation of the possible maximum num- 
ber of impacts per minute per bucket for agiven head. 
Fig.4 gives an example of such a condition for two 
types of buckets. 


We now see that for a large Pelton wheel of a given 
specific speed, the choice of bucket design and the 
number of buckets will be rather restricted so as to 
fulfil many conditions, sothat the specific speed almost 
describes the hydraulicdesign of the impeller. 


W-? thus have seen that the specific spsed, although 
depending on two parameters is practically sufficient 
to describe the hydraulic design of current types of 
turbine, Pelton, Francis, Kaplan, etc. 


Let us now see how the peak efficiencies of the vari- 
ous types of turbine vary according to their specific 
speeds. 

Such a comparison was made years ago by Graf 
and Thoma and is reproduced in Fig. 5. 


To determine their curve, the authors selected a 
number of European turbines. Their curve was in- 
tended to give the maximum efficiencies obtainable. 
The theory of hydraulic turbines as it then existed 
enabled the design engineer to estimate the various 
losses through the various water passages of the 
machine. However, this theory was semi-empirical, 
and many Coefficients had to be adjusted by compari- 
son with a few existing turbines. When such an em- 
pirical approach is used, results cannot be extrapola- 
ted with any chance of accuracy, and even when in- 
terpolating some of the defects of the original turbines 
from which the coefficients were adjusted are likely 
to be embodied in the design. In extrapolating, 
such defects may be exaggerated. No wonder then 
that Graf and Thoma were wrong in assigning a 
ceiling to the performance of hydraulic turbines. 


It should be noted here already that at the time of 
publication of Graf and Thoma’s paper there were 
already quite a few hydraulic turbines both in Europe 
and in the United States with efficiencies above that 
of their curve. Either these units were not known to 
these writers or they did not believe the results for 
some reason or other. 

In delving through old archives I have found a few 
instances of high performances of then unconventional 
units, performaces which were not believed in at the 
time and the design not followed up until rediscovered 
many years later. Even in research it may prove 
difficult at times not to be the victim of traditional 
ideas. 

Professor Ernst Reichel published a new paper on 
the same subject. He gave two curves, which are 
reproduced in Fig. 5. Curve A represents the progress 
made in G2rmany since the Graf and Thoma paper 
was written. The second curve marked B corresponds 
to the performance of a model unit designed by Wagen- 
bach and gives the highest specific speed attained in 
Germany at the time. 
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In August 1909 Chester W. Larner published a paper 
on the characteristics of modern hydraulic turbines. 


In a written discussion contributed to that interes- 
ting paper Lewis F. Moody and John C. Parker, after 
recalling both Graf and Thoma’s curveand Reichel’s, 
gave their own curve based chiefly on many tests of 
model runners at the then famous Holyoke labora- 
tory as well as on a few units in the field. This Moody 
and Parker curve already lay wellabove the previous 
curves, although it drops rapidly toward the higher 
specific speeds. 


In the few following years in both Europe and 
America many turbines were designed with peak 
efficiencies above Moody and Parker’s curve. It 
should be noted that Moody himself designed several 
of these with performances above the limits he had set 
himself. 


In 1921 Moody published a new paper giving a 
new limiting curve (Fig. 5) showing the tremendous 
progress accomplished in those 12 years. 


This curve embodied resultsfrom various manufac- 
turers and many of the units were larger than those 
considered previously. Thisexplainsin part the higher 
results due to the now well-known step-up in efficiency 
with size. This 192] curve was intended as a ceiling 
to possible performances. 


Discussing the same topic in 1929, Professor Moody 
gave a new curve to take account of the progress made 
in the pasteight years by various designers, including 
himself. He there gave a curve which he thought was 
not likely to be surpassed for many years to come 
(Fig. 5). In a personal discussion with the present 
writer, in 1936, Professor Moody still expresed the 
same opinion and, with a certain sense of humour, 
alluded to his previous curves and the cause of the 
error of assigning a ceiling to performances when deal- 
ing only with semi-empirical theories and exprei- 
mental statistical data. 


Actually for more than a decade few field tests 
surpassed Moody’s curve of 1929 and for some time it 
could be believed that it was a real physical limit to 
hydraulic turbine performance. Some manufacturers 
even almost abandoned research, feeling that little 
remained to be gained. This, however, was not the 
universal opinion and some laboratories have been 
very active in the last 15 years on various research 
projects pertaining to hydraulic turbines. 


PRESENT TRENDS 


The progress in recent years has been quite note- 
worthy on many design aspects. The present discus- 
sion is limited to studying only the maximum effici- 
ency variation against specific speed, a curve is given 
in Fig.5 showing the present trend for Francis, 
Kaplan, and Balb turbines. The small circles represent 
a few selected field tests. Some are already above 
the given curve which is not here to be taken as a 
ceiling tomaximum performance; rather it is intended 
to show the present trend with an even chance for 
a good design to be above or below the curve in ques- 
tion. For the sake of comparison all results have 
been recomputed by the Moody step-up formula so 
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that the Francis curve corresponds uniformly to a 
4-m runner and the Kaplan and Bulb curve to a 7-m 
runner, these figures being taken as average sizes for 
modern large units. It could compare with Moody’s 
curve for 1929 which already embodied field tests of 
many large units. However, Moody’s 1929 curve was 
still intended to show a maximum or ceiling which is 
not the case with the curve given for 1958: the latter 
merely indicates present trends. 


If we now look at Fig.5 it appears that the most 
spectacular progress has been in the perfecting of the 
Kaplan turbine in the 1920’sland that of the Bulb tur- 
bine in recent years. Progress in Pelton and Francis 
turbines has not proceeded by big jumps but was none 
the less continuous, so that before discussing recent 
advances in high specific speed units a brief review 
of progress in other types will first be given. 

The Graf and Thomapaper had already given a 
curve (Fig.5) for impulse wheels with a peak efficiency 
at 86 (the original Pelton efficiency in 1888 was in 
fact 82). 


At the present time, large Pelton wheels frequently 
have efficiences between 90 and 92, showing the 
considerable progress accomplished in 50 years. 

Some 40 years ago, small Pelton wheels were deve- 
loped with specific speeds as high as 36 metric; these 
were not very efficient and have now been abandoned 
for multiple jet Pelton or for Francis turbines. 


Modern large Pelton wheels seldom now have a 
specific speed per jet of more than 30 and that for 
relatively low heads (less than 350 m) where competi- 
tion from Francis turbines is severe. The field of large 
Peltons is covered generally by specific speeds ranging 
from 10 to 28 (metric). Forexample, large units under 
1000 m may have a specific speed of 18-19 (metric). 


The present trend is characterized by a gradual 
replacement of separate bucket impellers by integrally 
cast ones. This has been made possible by the steady 
progress in steel foundry work in the past 30 years 
and has enabled the manufacture of certain types of 
turbine which would have failed through metal fatigue 
with the separate bucket design. Multiple-jet 
units have been designed for many years, most of 
the early types being horizontal shaft, 2-jet units. 
In recent years many large vertical-shaft, multiple-jet 
units have been built. The number of jets is now of 
tenaslargeas4,5,or6, with the same peak efficiencies 
as the best single-jet units. With multiple-jet units 
the specific speed is multiplied by the square root of 
the number of jets, for example, some recent 6-jet 
units have a specific speed as high as 55 (metric). 


Some early Francis designs had a specific speed 
under 50 but their peak efficiency was lower than 83; 
with the progress of faster wheels, these could no 
longer be considered. 


Modern large Francis turbines show exceptionally 
high efficiencies, often above 94 from a specific speed 
of 80 to approximately 350 (metric). Below 70 little 
progress has been made in recent years, not necessarity 
because of some fundamental physical reason but 
— research has not been very active in this 

eld. 


Specific speeds from 10 to 55 (metric) are well 
covered by good Pelton wheels and good Francis 
turbines start, say, at 75 (metric). It thus appears 
that specific speeds from approximately 55 to 75 are 
not covered by either Pelton or Francis. This has been 
termed by some authors the gap between Pelton and 
Francis. In real practice there is no gap and this very 
notion of a gap is and has been forthe last 50 years a 
false problem. 


The basic data for a hydro-electric project are the 
available head and available flow. The number of units 
and their speed has to be chosen knowing the con- 
ditions and limitations of each type of turbine. 


As we have seen the F function for Francis turbines 
has no relation with that of Pelton turbines, sothat 
when the relative merits of either Pelton or Francis 
have to be compared for a given project, different 
speeds will be chosen. In current practice, there is 
quite an overlap between the field of Pelton and that 
of Francis turbines. 


This overlap was discussed at some length by A. 
Puyo in 1949. He showed how complex the problem 
of choosing between either type may be in certain 
cases. He showed also how this choice affects the 
number of units in a given plant. 


He thus determined approximately the field of 
possible overlap between the two types (Fig. 6). 
Since his paper was published both Pelton and Francis 
turbines have made steady progress and Fig. 7 
is offered as giving the present trend. 


It must be remarked that the overlap is now much 
larger than ever before. Most of the arguments in 
favour of either as given by Puyo would still be valid 
only the numerical boundaries have changed. Those 
given in Fig.7 show only a trend and a few stray units 
could be already cited, the tendency being to widen 
still more the field of overlap. 


To summarize briefly, the Pelton is usually sturdier, 
easier to operate and maintain, but costs a little more. 
The cheaper Francis is not so easy to operate and 
maintainand has more difficult problemsin governing, 
leading to larger values of the water hammer during 
transients, so that the penstock may cost more. 


One of the important factors will be the silt content 
of the water. With almost pure water without silt 
or grit the advantages of the Francis will appear more 
tempting, but as soon as the water contains any 
amount of abrasive which cannot economically be re- 
moved, the Pelton may be preferable. 


Before the advent of Kaplan turbines Francis tur- 
bines had been developed for specific speeds as high 
as 450. Now with the perfecting of the Kaplan, 
Francis units are no longer built with specific speeds of 
more than 350. This value of 350 is not, however, 
a fixed limit between Francis and Kaplan turbines; 
here again there is quite an overlap. 


In recent years Kaplan units have been built for 
higher and higher heads with corresponding lower 
specific speeds. Kaplan units have been built currently 
in recent years for heads between 30 and 50 m, which 























The Hydraulic Turbine in Evolution 



































Bins 


ig. 2. Peak and Rated Power of Tue Families 
Fig. o. 






































hy NY 

2s — 

Fig. 3. Present Trend of Specifie Speed and Head Fig. 4. Possible Number of Impacts per Minute per Bucket 
Relationship for @ Given Hoad 


| ce 





SPEGRC SPEED, mp PETES) 


Fig. 5. Peak Efficiencies of Various Types of Turbine According to Their Specifie Speeds 





























~~ 



































































































































s 4 » 4 ' 6 7 " 
dies OC HAAG — my ee Fig. 9. nema:  pianmbiatiae oni 
pages har ya pomp ve RH 2m © WOYn N Why % ZWhrevimin 
~ . e 
P . e ° a . 
o Zi e J 
a ° 5 & bg x —o 
re e | 
wren ——| 
Ue et Leer TT 
7 x « 
r fs 2 ' x | LT | x le - 
| fe )ee| * |b . i pee 
wm $i x 
fonl s ‘4 1 ’ * 
4° vAe 4 | % . 
sp ' a s s ‘ “s ° cy “ n s « 1S 6 a es Oo 
DISCHARGE —?/s 
Fg 7? Comparson of Present Trend in Overlap for Francis and Pelton Turbines 
© Pekea + Francis. 
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HYDRAULIC MACHINES SYMPOSIUM—SEPTEMBER 1960 


would have been considered very difficult in the 1920’s 
or 1930’s. Under exceptionally good conditions, a 
Kaplan unit has been built at Bort-Rhue operating 
under a m3ximum head of 80 m (244 ft) the specific 
speed being then as low as 227 which is very low 
indeed for a Kaplan. 

The Moody curves for 1921 and 1929 (Fig. 5) were 
limited to specific speeds of approximately 700 
(metric). Through the years there has been little pro- 
gress; a Kaplan would be recommended now a days 
only for specific speeds upto 700 or 800 (metric). 
Although some Kaplans could eventually run at 
slightly higher specific speeds, especially at overload, 
they would not be recommended now in view of the 
advent and progress of Bulb units. 

As already mentioned various settings have been 
successfully used with a Kaplan-type runner; it would 
be too long to discuss them here and the present dis- 
cussion will be limited to the Bulb unit, reference 
being made to Gariel’s paper for a more general 
discussion of various types. 

The Bulb turbine was initially designed as a small 
unit to be set within a pressure pipe with a small 
generator in a bulb surrounded by the flowing water. 
These small units were inefficient. 

The modern Bulb unit is no longer in a long pipe, 
and the water passages are kept as short as possible 
to reduce friction losses. After a short converging 
section at the inlet comes the bulb containing the 
generator, then the adjustable-blade runner and lastly 
a well designed draught tube. 

The generator rotor may run in oil for small units 
in compressed air in larger units, or even in air at 
atmospheric pressure in some of the largest units. 


In Fig. 8 and 9 are represented two early Bulb units 
of the modern family of efficient turbines. 


Fig. 8 showsthe Bulb turbine of the Caster Power 
Plant on the Gave d’Ossau. The turbine and genera- 
tor were shipped to the plant as an integral unit. 
Arriving on the site at 8 a. m. it was delivering power 
to the grid at 6 p.m. on the same day. 

Fig. 9 represents the small siphon of la Magnannerie 
on the Mayenne River; this design proves very econo- 
mic for small plants and is particularly suited for 
modernizing old water mills. 

When we discussed the overlap between Pelton and 
Francis Turbines, I remarked that the number of 
units is usually different when comparing a solution 
with Francis units or with Pelton ones. Here again 
when choosing between Kaplan and Bulb units 
for a low-head plant, the economics of the project is 
such that a greater number of Bulb units may be 
chosent han would be the case with Kaplans, the total 
cost of machinery and civil engineering being less. 
In some cases, it would not be fair to compare units of 
the same rating or same runner diameter as it would 
then be difficult to take full advantage of the possi- 
bilities of either Kaplan or Buib units. 

On some low-head power plants, the total economy 
on both machinery and civil engineering with Bulb 
units may amount to as much as 40 per cent as com- 
pared tothe cost of the new conventional Kaplan 
power plant. 
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It is almost impossible to give general rules for 
the economics of such projects, especially concerning 
the civil engineering costs which will vary so much 
with local conditions. However, to give a general 
idea we can say, being aware of the limitations of 
such types of statement, that for heads above 20 m 
the conventional Kaplan still holds its own. For 
heads between 20 and 10 m we find the overlap’ be- 
tween not only Kaplan and Bulb, but also with a few 
other types,such as pier-type power plants and shaft 
type units. For heads lower than 10 m Bulb units 
would be chosen. In fact, many of these hydro- 
plants with heads lower than 10 m would not have 
been economic with conventional units. Bulb units 
have opened a new field for hydro-power. For ins- 
tance, low-head navigation damscan now beequipped 
economically with Bulb unit hydroelectric plants. 


TIDAL POWER TURBINES 


Another field opened up now by this new type of 
turbine is that of tidal power. To be efficient, tidal 
power requires units which can be operated both 
ways as turbines and preferably also both ways as 
pumps. The Bulb unit lends itself very well to such a 
difficult type of operation and in various parts of 
the world tidal power plants are being contemplated, 
taking advantage of the new possibilities of these 
machines. 


An example of a tidal power turbine is given in 
Fig. 10. This has been designed for the Rance estuary 
project and a full scale unit will be tested at Saint- 
Malo nearby. The runner diameter is 5.80 m. The 
rated horsepower is-9000 kW at a 5-m head. The 
Rance Power plant will in all likelinhood incorporate 
40 such units. 


The new possibilities offered by Bulb units for tidal 
power plants have encouraged a closer study of tidal 
power possibilities and many new cycles have been 
investigated. In actual fact, tidal power plant 
calculations are very complicated, as variations in 
turbine efficiency, alternator power limitations, the 
best choice of starting and finishing conditions, etc. , 
have to be considered. 


Nowadays, the only approach to this problem is 
by the use of electronic calculating machines, even if 
the utmost use is made of existing theory to guide 
the machine to the best result for any given tidal 
cycle and any desired cycle of power production. Of 
course, in practice, a succession of such cycles should 
be examined. For instance, a plant required for peak- 
load production must follow a solar cycle of output, 
whereas tides of course follow a lunar one. Hence, 
from day to day there is a change of phase. These 
calculations have not only shown that much more 
power could be developed than expected in the past 
but also that the power could be delivered to the 
grid with much more flexibility than was considered 
to be the case some years ago. For instance, the 
Rance power plant could be operated for peak-load 
production. 


A few words can be said here about tidal cycles as 
the new improved cycles have a direct bearing on the 


_ design of the hydraulic turbines to be used. 
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Let us consider first a one-way simple tidal cycle 
where the reservoir is gradually filled through gates 
during the rise of the tide. The gates are then closed 
at high tide, and when the tide has gone down 
sufficiently the reservoir is emptied through the 
turbines. 


With this simple operation the maximu enemrgy 
could be developed by waiting almost for low tide 
before emptying the reservoir through the turbines. 
This energy wouldthen be developed in a very short 
time and the power plant would stay idle for the 
rest of the cycle. This, of course, is unpractical and 
uneconomic but can be taken as a yardstick of com- 
parison for the energy developed by other cycles or 
modes of operation. This maximum energy E has 
sometimes been called the “‘wild energy”’ of the tide. 


With the same simple operatoin of the reservoir, if 
a more even production of power is required with a 
smaller number of units,it will be necessary to start 
the turbines long before low tide so as to deliver power 
continuously for several hours. Instead of taking 
advantage of the maximum tide range the units will 
then operate at a somewhat smaller head perhaps 
only equal to half the tide range. Economic studies 
show then that the energy produced will be of the 
order of } E. 


Now, taking advantage of the fact that Bulb units 
can be operated as turbines with the water flowing 
either way, the same power plant could be used in 
filling the reservoir through theturbines, thereby pro- 
ducing more power. In sucha cycle the so-called ‘‘wild 
energy” would be of the order of 1.8 E according 
to local conditions, and the economic design and 
operation of the plant would give an energy of the 
order of 0.9 E. 


It may look surprising at first that in operating the 
units both ways, with efficiencies of the same order 
the energy is not just doubled. It should, however, 
be borne in mind that the reservoir changes in area 
with height and this implies quite different volumes 
of water for the various operations. 


If now we take advantage of the fact that Bulb 
units can be operated either way as a pump, an 
improved cycle can be devised. 


When the reservoir is full, at high tide, more water 
can be pumped intoit against asmallhead. Thisadded 
water will later on be passed through the turbines 
under a much greater head. This supposes that some 
energy can be drawn from the grid for pumping, the 
energy given back later being many times greater. 


When the reservoir is emptied at low tide it can 
eventually be lowered further still by pumping so 
that more energy could be developed later on when 
filling again through the turbines. 


At certain phases of operations gates would be used 
vither to speed up filling or emptying of the reservoir. 
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In a cycle where advantage is taken of pumping 
facilities the total energy economically produced, once 
that taken for pumping is deducted, may amount 
to as much as 1.2E according to local topography of 
the reservoir. 


This shows how important it is for tidal power 
units to be able to operate either way as pumps. 
These considerations aflect of course on many details 
in the design of the machines. 


These are not ordinary pumps either. They start 
operation against a zero head and are used only for 
very small heads. In that case the conventional 
efficiency coefficient loses its significance and the total 
pumping energy used during a cycle has to be com- 
pared with the volume of water pumped. 


The Rance project. now under study is designed for 
such pumping operation. Fig. 1] gives a cross-section 
of the future power plant. 


CONCLUSION 


In thisvery brief survey of hydraulic turbines in 
evolution some of the most striking advancesin recent 


years have been reviewed. Much more could be said 
on the mechanical designs of the machines which 
have also improved steadily. 


Contrary to some beliefs, it has been shown that 
very important progress has been made through the 
years. Various attempts made in the past to fix a 
ceiling to the possible performance off hydraulic tur- 
bines have utterly failed. Wherever enough research 
has been made it has been followed by progress, some- 
times spectacular in nature. 


Through my connection with hydraulic for more 
than 30 years, I have a feeling that more progress is to 
come in a not too distant future, on many aspects of 
hydraulic turbine design and operation. That is why 
the various curves given in this paper should be 
considered only as present trends. 
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A Study on a Model Pelton Wheel 





Since the invention of the Pelton Wheel considerable 
work has been done to increase the efficiency with 
increasing capacity of an individual unit. Most of the 
improvements came from the laboratories attached 
to turbine manufacturing plants as refinment demand- 
ed empirical studies in the ‘art’ of turbine design. 
Certainly, to accept the present achievement as final 
will amount to falsifying the progress made during this 
century. Though the margin of gain will be compara- 
tively less, yet possibilities for improvement exist. 
Hence nearly two years ago a programme was started 
to design and manufacture small model hydraulic 
turbine units with the help of the P.S.G. Industrial 
Institute. The present paper is a summary of the 
progress made so far and of the future plans. 


HISTORY 


It is natural that the time honoured water wheel 
should lead to the development of a reaction unit 
than an impulse unit, least of all to that of the Pelton 
Wheel which takes the middle position in the chrono- 
logy of inventions of the three major types. In the 
year 1946, Escher Wyss in Zurich developed the first 
tangential wheel which led to the outcome of Girard 
impulse turbine in 1870. But it took another decade to 
utilise efficiently the impulse in a waterjet in the hand 
of L. A. Pelton of California, U.S.A. In his attempt to 
improve the efficiency of the then existing impulse 
unit of cup shaped buckets, he split the buckets, 
constructing different forms from oyster shells. From 
his models, an experimental unit was built at the 
University of California and that led to his patent in 
1870 of an improved wheel with a square jet. 


THEORY AND DESIGN 


Abbreviations: 


C, = Mean velocity of jet 


C, = Exit velocity of jet from buckets 
= Bucket outlet angle 

d, = Least diameter of jet 

D = Pitch circle diameter 
= Angular velocity 

U; = Peripheral velocity of pitch circle 
= Mass Density 

Q = Rate of flow 

H = Total head 

T = Torque 

P Total energy output. 
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The conversion of the energy in the jet occursin the 
buckets (Fig.3). Torque is produced on the wheel by 
the force produced due to change of momentum of 
the impinging jet. Assuming steady flow. 


T= #8 <8 (C, C, Cos) 
U;, ‘ 
and P=T=2 St (C, C, Cos) 


Bucket resistance, windage on the rotating wheel, 
and the inclination of the bucket to the jet at entry 
reduce the ratio U,/C,, from the theoretically best 
value of 1/2. Such reduction is afunction of specific 
speed. The unit under study has been designed a 
specific speed of 3.76 to develop 4.0 horse power under 
a head of 120 feet of water, with an inflow of 150 gpm 
at 750 rpm. Depending upon the specific speed, 
U,/C,, d./D have been chosen as 0.46, 13.3 
respectively. 


Main considerations for the number of buckets in a 
dise are that buckets should be close enough for at 
least one bucket to be in full contact with the jet at a 
time and also buckets should be farther apart so that 
theexit jetdoes not interfere with the on coming bucket. 
These can be achieved by proper spacing of buckets 
and giving a small exit angle to the bucket. Also fewer 


. buckets will produce less disturbance as the number 


of entries into the jet is less for a given speed. There 
are as many empirical formulae for the number of 
buckets as there are authors on the subject and hence 
it was decided to find out the best combination by 
carrying out actual tests on various numbers of 
buckets. It was decided to make three separate discs 
of 16, 18 and 20 buckets each, as most of the values 
of the empirical formulae fall in that range. The 
exit angle of the bucket is 15. The discharge loss 
will be less than 4% as the ratio of meridional com- 
ponent of the exit velocity to C, is less than 0.2. 


For the shape of the bucket the following ratios 
have been used: 


1/d,=2.5; b/d,=3; t/d,=0.86 ; D/d,= 1.0. 














36 


The structural parts have been designed giving 
consideration both to the runaway speed and the full 
jet under brake condi-ions. 


Another important part in the hydraulic design is 
the nozzle opening and spear arrangement used for 
flow regulation. The approaching flow should be free 
from vorticies and the wetted area should be less to 
minimise frictional loss. Also nozzle and spear should 
be able to produce compact, round jet without any 
spray or cavitation at spear tip. Keeping the nozzle 
same, two types of spears have been tried. 


Heavy type ball bearings have been used. The 
bearing near the runner has been protected from water 
by a water thrower and a suitable sealing arrange- 
ment. The unit has a usual rope break around a drum 
of 1’-6” diameter and the drum is water cooled. 


RESULTS AND CONCLUSION 


Performances curves of discs with 16, 18 and 20 
buckets are presented in Fig. 4. Those tests were 
conducted with Spear No. 1. (Fig. 1) The dise with 
20 buckets has definitely lowerefficiency values. The 
dise with 18 buckets was chosen as the best as it has 
slightly higher efficiency at part loads than the disc 
with 16 buckets. In Fig. 6 is presented the character- 
istics of the wheel for .2,.4,.6,.8 and ‘Full opening’ 
conditions with spear No. 2. The position of the spear 
at designed discharge has been takenas ‘full opening’ 
position. The part opening is the ratio of the horizon- 
tal movement from the closed position of the spear 
between that part opening and the full opening. Sucha 
procedure avoids ambiguity when spears of different 
travel lengths and shapes are tested with the same 
nozzle. 


Fig. 1 and Fig. 2 are sketches of spear nos. 1 and 
2 adopted from Gibson and Nechleba respectively. 
Spear having conical] shape coverages the jet into 
cylindrical form faster and it has less travel length 
for complete closure of nozzle opening. Test results 
for both the spears under similar conditions indicate 
little difference. 


IMPROVEMENTS PROPOSED 


A comparison has been attempted in Fig. 5 between 
the Pelton Wheelavailable in the laboratory (B.H.P. = 
1.72 at head-50 feet) and the P.S.G. Pelton Wheel. 
The Pelton Wneel available in the laboratory is a 
foreign made unit and has been maintained very well 
through the yearsand its performance for comparison 
is considered reasonable. 


Due to higher percentage of mechanical and windage 
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losses, it is natural that the overall efficiency of a 
laboratory unit is less than a large commercial unit 
where efficiency as high as 88% has been achieved. 
But the lower efficiency of the P.S.G. unit can only 
be explained that it requires further improvement. 
It is a known fact that more than half of the total loss 
occurs due to friction in the bucket. With increase in 
smoothness of bucket surface, we expect to increase 
the efficiency. And also we need study the approach 
conditions and performance of bucket. To further this 
study, it has been proposed to construct a special 
apparatus to find the efficiency of individual 
buckets under different nozzle and spear shapes. 
Already such an equipment is under construction and 
as soon as a Series of test are completed and a better 
combination devised, we propose to incorporate it in 
the Pelton Wheel. It is hoped that such a system- 
atic study will not only enhance the efficiency of the 
Pelton Wheel, but will add to the accumulated know- 
ledge of design data. 


Stoboscopic viewing indicated that the lowest 
bucket was not fully occupied by the jet as it gives out 
major portion of its energy. It has been, therefore, 
decided to increase the height of bucket and slightly 
change the curvature. 
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Pumped Storages and Pump Turbines 





The Electricity supply industry has the problem of 
ensuring high load factors. It is done in two ways. 
On the commercial side, it is tackled by selling current 
at special low rates during off peak hours and by 
applying two part tariffs which charge separately for 
maximum demand and current consumed. On the 
technical side, it is done either by storing the energy 
produced by the base load plant in the off-peak 
hours or by installing special peak load plants on which 
the fixed annual charges are low. One method of 
storing the energy is by pumping water into a high 
level storage reservoir at times when the general 
demand for power is low and by using the water 
thus stored to produce hydro-electric power during 
peak load periods. Thisis the general principle of the 
pumped storage schemes. 


In the early stages of the development of pumped 
storages, separate pumps coupled to motors, mostly 
of the centrifugal type were used for pumping up the 
water. Later, the pumps were coupled directly to 
the electrical generating machine itself which was made 
to work as a motor in the pumping cycle. As a fur- 
ther development, reversible turbines were evolved 
which can work as a turbine for generating power 
and as a pump for pumping up water. These reversi- 
ble hydraulic machines known as Pump Turbines can 
be designed either as a turbine or pump and asa single 
speed machine or as a machine with two designed 
speeds. 


HISTORICAL DEVELOPMENT 


The idea of pumping water into high level reservoirs 
is not new. The first pump for this purpose, of which 
records are available, was installed at Zurich in 1882. 
This was a reciprocating pump. The first centrifugal 

ump for this purpose was installed at Luino in 
Italy in 1894. It was of 75 h.p. capacity, pumping 
against a head of 210 ft. into an artificial reservoir 
and was used by a wind mill. Between that date and 
1925,thesize of the units increased slowly but steadily 
upto about 5000 h.p.; but no pump of exceptional 
size was designed until in 1928 when in the Nieder- 
watha Station near Dresden, four 27000 h.p. pumps 
and 39,000 h.p. turbines were put into operation. 


These units were the forerunner of a number of large 
capacity pumping sets built in Europe during the 
subsequent five years of which the largest in capacity 
at that time were the four 36000 h.p. pumps at the 
Herdecke Station in Ruhr. Recently a pump of 62,000 
h.p. was put into operation at Providenze in Italy 
and units of 85000 h.p. have been completed at 
Limber in Austria. 


The development of pumped storages has largely 
been confined to Europe and of a total of 850,000 h.p. 
of pumping capacity installed throughout the world in 
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1951, for these schemes about 600,000 h.p. was to be 
found in Germany alone and for the most part of the 
remainder, in order of the aggregate capacity between 
Italy, Switzerland, France, Austria and U.S.A. Isola- 
ted schemes exist in Sweden, Spain and Chile. In 
Great Britain, one small installation of 230 h.p., 
built in 1918 on the river Tweed was the only example 
of pumped storage until the North of Scotland Hy- 
dro-electric Board put in hand a scheme at Sror 
Mor near Inverary. 


In South America several interesting pumped stor- 
age plants have been erected and it is here that the 
development of the single unit reversible pump 
turbine was first practically applied. Recently ano- 
ther pump turbine, claimed to be the ‘World’s 
largest Reversible Machine’ has been installed at 
Hiwasse, TVA. The English Electric Company has 
designed a novel type of pump turbine with the 
‘Deriaz Runner’ for the Ontario Hydro Electric 
Power Commission. 


PUMPED STORAGES 


A pumped storage hydro-electric plant may be 
defined as a plant in which the water that is used for 
power generation is pumped back into the high level 
reservoir using off-peak power, for generating addi- 
tional power during peak periods. 


Pumped storages may be divided into three groups: 


(a) Storage Type: In this type, water is drawn 
from the reservoir to generator on-peak power and a 
portion of this water is pumped back in the same day 
or in the same week. 


(b) Pondage Type: This is a closed circuit pumped 
storage system. All the water that is used for genera- 
ting peak power is pumped back into the higher reser- 
voir. In this system, the only quantity of water that 
is to be replaced is that lost by leakage and evapora- 
tion. 


(c) Part-Head Type: In this type, the water that is 
available at a moderate head is pumped to a greater 
height to generate more power. 


Pumped storages may be designed for one of the 
following three main objects. 


(a) For improving the daily output of a particular 
station. Most of such installations are small and are 
used in conjunction with low head run-off river hydro 
stations where it is either impractical to store the water 





38 INDIAN JOURNAL OF POWER AND RIVER VALLEY DEVELOPMENT 


during the hours of low demand or it is necessary to 
maintain a uniform river discharge. 


(6) For improving the daily operating conditions 
of a large inter-connected group of power stations, 
thermal or hydro-electric water is withdrawn from 
the upper reservoir to produce peak power and is 
replaced by an equal quantity in the same day or 
week using off-peak power from one of the group of 
stations. 


(c) For supplementing the natural inflow into a sto- 
rage reservoir which is insufficiently supplied by its 
catchment area or for increasing the firm output 
obtainable with the storage capacity provided. 


ECONOMICS OF PUMPED STORAGES 


The economic feasibility of any such scheme will be 
largely affected by the source of power for driving the 
pump. This may be surplus hydro power or in a 
mixed hydro and thermal system, it may be supplied 
from steam power stations. 


If the power for pumping is derived from run-off 
river plants or from unsalable ofi-peak energy, there 
is no extra cost to be paid for this energy and only the 
fixed charges on the pumping equipment will have to 
be taken into account. In an inter-connected system 
of hydro-electric power stations, power for pumping 
in one station can be obtained ona loan basis from the 
off-peak energy of another station which can be re- 
placed by the off-peak power at some other part of 
the day or week. But if thermal power is used for 
pumping, it may increase the working cost of the 
scheme since the efficiency of conversion is likely to 
be low. 


Further, pumping of the water ean be done either 
in the sam? day or inthe same week. In weekly pump- 
ing system, the reservoir becomes empty on Friday 
night and is refilled during Friday, Saturday and 
Sunday nights. In this case, the reservoir capacity 
should be more. 


The advantages of the pumped storage system are: 


(1) It is comparatively independent of the rainfall 
and drainage area. 


(2) In more settled areas, the cost of the land and 
other damiges are apt to cost less for a given reservoir 
se rey | because the plant is on a tributary instead 


‘of in the main river. 


(3) Since for a given reservoir capacity, the 
drainvge area is less, the provision for floods is less 
expensive. 


(4) The plant that pumps froma large river can be 
used as a reserve plant because water released in an 
emergency can be stored by pumping. 


(5) Finally among the most important advantages 
is the low cost of adding pumping and power equip- 
ment to an existing development to obtain more 
firm or reserve power. 


PUMPING EQUIPMENT AND EVOLUTION OF PUMP 
TURBINE 


The plant for a pumped storage scheme consists of 
normal turbo-generators with some type of pump. 
In the first pumped storage plant, a reciprocal pump 
was used for pumping up the water. Centrifugal 
pumps came into the picture and with the advances 
made in the design of hydraulic machinery, pumps of 
very high capacity (60,000 h.p.) have been installed 
in some of the recent plants. In the next stage, the 
principle of using the turbine itself for pumping the 
water was conceived and thus the reversible machine 
known as the pump turbine came into existence. 
Little attention was given to the reversible machine 
until the late 1940s when considerable research was 
earried out in U. 8. A. with models of turbines for 
higher heads. This led to the production of several 
prototype installations, the most notable of which 
is at Hiwasse dam of the TVA. A recent British deve- 
lopment isa novel type of runner which is of the Fran- 
cis type with movable blades. This was developed 
by Paul Deriaz at the English Electric for Sir Adam 
Beck Station in Ontario. 


GENERAL PRINCIPLES OF DESIGN 


These pump turbine units are not generally intend- 
ed for regulating load but for supplying blocks of 
prime power to the system. Therefore, it will have a 
relatively slow acting governor or no governor at all, 
and even at the higher heads there wil not be much 
pressure rise in case the load is suddenly lost. There- 
fore a pressure relief valve will not be required and 
problems of water hammer will not be involved. 
In such cases, a unit may reach its maximum over- 
speed (runaway), but this is much lower than in a 
conventional Francis turbine and the machine is 
built to operate safely forthe short duration of these 
infrequent overspeeds and can be shut down in the 
usual manner. ' 


Since the pump turbine has to work both as a tur- 
bine and pump, the design of the runner must of neces- 
sity by a compromise between the best for a turbine 
and that fora pump. As the specific speed of a pump 
is greater than that ofa geometricallysimilar turbine, 
two different speeds are necessary if the maximum 
efficiency is to be obtained in both directions of rota- 
tion. Alternatively, if a single speed is adopted for 
both operations, this speed must be a compromise 
between the best for the turbine and that for the pump. 
It has been found out that for pumpturbinesoperat- 
ing at heads below 150 ft., operation of the machine 
at the same speed in both the cycles will produce 
optimum results. However, for heads above 150 ft., 
there is a considerable increase in the turbine output 
and better overall efficiency if the turbine can be 
operated at a lower speed than is used for pumping as 
shown in Fig. 1. If the machine is to be designed for 
two speeds, the generator/motor and its switchgear 
will be more complicated and expensive. Whilst the 
Baldeny machine is of the two speed type, it is of 
only 1100 kW and is of the induction type with two 
separate stator windings. Messrs. Allis-Chalmers 
Manufacturing Company have built a synchronous 
generator for a reversible machine which will operate 
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at 300 r.p.m. as a motor and 257 r.p.m. as a generator. 
The performance curve of a pump turbine is 
given in Fig. 2. 


RUNNER FOR AXIAL FLOW PUMP TURBINE 


The runner of an axial flow reversible machine can 
be designed in a way similar to that of the axial flow 
turbine. But the problem of reversibility, i.e., the 
reversal of the direction of flow, when the turbine 
works like a pump should be carefully studied; since 
the usually sharp trailing edge becomes the leading 
edge and the well rounded leading edge the 
trailing one. As a result, there are two serious dis- 
advantages. Firstly, there is a considerable drop in 
efficiency. Secondly, due to the flow from the sharp 
edge to the rounded edge, there is an unfavourable 
pressure distribution in the hydrofoils leading to the 
danger of cavitation. 


Brown has shown that in the case of thin aerofoils, 
the lift slope curve and drag remain unaltered when 
the flow is reversed both in sub-sonic and super-sonic 
flow, provided the trailing edge velocities are finite 
and suction forces are negligible. But in the case of 
axial flow machines, the blades can in no case be con- 
sidered as thin sections. The sections at the blade 
tip or nearby can be regarded as thin while at the 
root or nearby fairly thicker sections are present. On 
strength considerations root sections have to be fairly 
thicker and further the usual design assumption of 
constant angular momentum demands the adoption 
of maximum ‘lift at the root which can properly be 
provided by thick aerofoil sections. This problem of 
reversibility was studied by Kar. 


Investigations were made with elliptic sections. 
This section has the advantage that due to symmetry, 
the aerodynamic characteristics remain almost un- 
altered on the reversal of flow. Also the pressure dis- 


- tribution is favourable and therefore quite acceptable 


on cavitational conditions. Reason against the adop- 
tion of a elliptic section for having relatively higher 


value of E (= ep ,Cp being the coefficient of drag 
L 


and C, the coefficient of lift) than a conventionally 
used aerofoil section and thereby affording less profile 
efficiency is not fully justified. Williams and Brown 
have shown that the values of E are comparable at 
high Reynolds numbers with those of conventional 
profiles. Thisarises from the fact that the influence of 
the Reynolds Number on the aerodynamic charac- 
teristics of an elliptic section ismuch more pronounced 
As a result, since the axial flow machines operate at 
higher Reynolds Numbers good and even comparable 
efficiencies can be obtained by using elliptic sections. 
Model tests showed about 7% decrease in maximum 
efficiency by having elliptic sections rather than the 
conventional ones. Of course the adoption of elliptic 
sections has its own limitations inasmuch as the fa- 
vourable values of E occur only at higher incidences 
and unlike the usual sections, which retain the charac- 
teristics over a considerable range, it has a poor per- 
formance at other values. Besides, the advantage 
of favourable pressure distribution is lost at inci- 
dences other than the designed one. 
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RUNNER FOR THE FRANCIS TYPE PUMP 
TURBINE 


The runner for the normal pump turbine is designed 
in a way similar to that of the Francis turbine. In 
the Hiwasse machine, the world’s largest reversible 
pump turbine, the diameter of the Francis runner is 
266 inches. A ring of 20 adjustable wicket gates 
controls the flow of water to the unit’s impeller 
runner for power generation and likewise regulates 
the flow of pumped water for greatest efficiency. 
When starting as a pump, the wicket gates 
the wicket gates are closed and a compressed air 
blow down system dewaters the runner. This 
reduces the motor starting torque requirements 
and eliminates system disturbances. Reduced voltage 
starting limits current on rush below normal load. 
The motor is thus started and brought upto speed. 
Release of air pressure allows the water to rise in the 
impeller, the wicket gates slowly open to the proper 
setting and water flows up the penstock into the storage 
reservoir. Much of the sequence in the reverse is 
followed at the end ef the pumping cycle. For power 
generation, the unit is started in the same manner as 
a conventional hydraulic turbine unit. 


In Ontario’s major hydro-electric development, 
at Sir Adam Becks Station, six reversible feathering 
blade—Francis type pump turbines developed by Paul 
Deriaz at the English Electric, have been erected. 
The runner is of the diagonal flow type with eight 
movable trunnion supported blades sloping down- 
stream at an angle of 45 degrees from the runner hub. 
The blade angle is adjusted by a vane type servomotor 
located in the runner hub. The hub and inner edges 
of the blade are finished spherical permitting unrest- 
ricted feathering of the blades and also close clearance 
tolerances. Likewise the outer edges of the blades 
and throat rirgwall are spherical. Because of the close 
clearances between the hub, the blade edges and the 
throat ring, the blades in the closed position form a 
reasonably water tight closure and conventional 
wicket gates and their operating mechanism have been 
eliminated. When the machine is shut down, addition- 
al thrust may be introduced on the top of the runner 
hub by closing the cover drain valve which produces 
a deflection and reduces the clearance between the 
ends of the blade and the throat ring. This reduces 
blade gap leakage to a minimum. The steel plate 
casing is set well above the centre of the blades to en- 
sure axial flow past the blades. 


The unit when acting asa pump is started with the 
blades in the closed position and brought upto speed: 
without the necessity of depressing the water level 
in the draft tube. This requires very little effort other 
than inertia of the runner and motor and starting 
will consequently be across the line with the expected) 
onrush current of about 25 percent of the running 
current. When synchronous speed has been attained, 
the blades will be gradually opened and’ pumping 
begins. 


Another pump turbine designed in Germany em- 
bodies a Kaplan type turbine with fixed guide vanes 
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and automatically adjustable runner blades. The 
design of the pump turbine runneris under constant 
development and improvement. 


SPIRAL CASING 


To get a higher efficiency in both the systems of 
operation, a completely revised form of spiral casing 
and diffuser was developed by Deriaz. The various 
stages of development are shown in Figs. 2, 4 & 5. 
It will be noted that the final design has a large 
oblique diffuser and the guide vanes have been 
dispensed with. 


THRUST BEARING 


The pivoted shoe type thrust bearing is ideally 
suited for the reversibe machines. In the Hiwasse 
Machine, it takes a load of 1,365,000 lbs. These thrust 
-bearings are fitted with high pressure lubrication to 
reduce the breakaway torque in starting both for 
motoring and generating. 


DETAILS OF FEW PUMP TURBINES 


Pump turbine at Hiwasse—TVA 
It was erected by Allis Chalmers Manufacturing 
Company. Electrically, it is rated as 70,000 kVA; as 
a hydraulic generator; and 102,000 h.p. as a pump 
driving motor. 
Power factor is 95°,—13,500 V—135.9 r.p.m. as a 
Motor and 85% Power factor—105.9 
r.p.m. as a generator. 
Diameter of the Francistype runner is 266 inches— 
Finished rotor weight is 300 tons—load on thrust 
bearing is 1,365,000 Ibs. Turbine to generator 80,000 


h.p. under 190 ft. and pump to pump up 3900 cfs. 
against 205 ft. 


Pump Tuzbine at Sir Adam Beck Station 


Pump turbine—erected by English Electric Com- 
pany. 





Operating as pumps. 
Discharge — 4000 to 5000 cfs 
Head range — 90to 60 ft. 


Operating as Turbines. 
Power generated — 40,500 h.p. 
Head — 80 ft. (range 80—30 ft.) 
Discharge — 5600 to 4100 cfs. . 


The units will be operated at 13.8kV with transfor- 
mation directly to 230 kV. 
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Tidal Power and Tubular Turbine 





The ebb and flow of tides are quitea familiar phe- 
nomenon fcr a sea-shore dweller. Tides are, as it were, 
the breathing cf the sea, the pulse of the cosmos, 
which gives life to the oceans of the world and sets 
them in motion, and since the remotest ages, this 
mystery has haunted the mind of man and stimulated 
his heart and brain to meditate and search. 


The cosmic potential of tides is so great that the 
energy that is harnessed upto the present from water 
appears trivial. A rough estimate of the total tidal 
potential of the world for a mean tide height of 0.7 
m. is about 54,000 million h.p., in comparison to about 
7,600 million h.p. the possible output of the continen- 
tal water resources. 


(tide height =0.7 m; velocity =0.8 / 2g H= 15 f.p.s. 
Discharge==204 x 109 cusecs, coastal length = 
25,600 miles.) 


Attempts to utilise tidal power and kinetic energy 
oftered by the perennial rythm of ebb and tide dates 
back as far as 11th century in the form of tide mills for 
grinding corn or gypsum or sawing timber. Upon the 
advent of steam engine, tide mills became unpopular 
until their importance re-emerged in the 20th century. 
A few years after World War I, schemes were thought 
of for the ‘Severn’ and two tidal plants in the vicinity 
of Liverpool in U.K. Similarly the untapped resource 
was duly recognised in France. Subsequently these 
tidal schemes were given up as it was thought they 
were uneconomical. The historic survey is a proof 
that some significance was given to tidal power which 
suggests itself as a suitable solution to the intensive 
search for new sources of energy at present. It is 
expected that within the next 10 years, the present 
needs of the world will be doubled. 


WHY TIDAL POWER 


(a) With the numerous harnessable rivers already 
developed to the full, and the increasing scarcity of 
convenient sites for setting up further plants, 


(6) With the thermal plants, paying now for coal 
four times as much as in 1939 and hardly able to 
improve their efficiency, and 


(c) With the economical production of atomic 
energy still being far distant, conditions are favouring 
more and more towards tidal plants. 


Since the cause of ebb and flow is of astronomical 
nature, their progress and consequently the possible 
output of tidal plants can be computed years in ad- 
vance with great accuracy. 


A closer investigation of the possibility of har- 
nessing tidal power reveals multiplicity of overlap- 
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ping problems. Traditional hydro-electric practice 
applies only partly to tidal plants in the working of 
which cosmic forces intervene to a great extent. 
Therefore, we must realise that no practical solution 
can be arrived at without a close co-operation of the 
astronomer with the hydro-grapher and of the hy- 
draulic engineer with the mechanical and electrical 
engineer, not to mention the economist. 


To what extent can we harness tidal energy? Since 
the velocities of tidal flow are always very small, the 
utilization of high kinetic energy of tides would be 
hardly worthwhile, the investigation of the exploita- 
tion of potential energy only need be considered. 


TYPES OF TIDAL PLANTS AND THEIR OPERATION 


The types of tidal development may be 


(i) One-way or Two-way single basin. 
(it) Single-basin with auxilliary basin. 
(ttt) Two basins operating together or separately 
(iv) Three basins with intermediate chamber. 
(v) Defour’s three basin system. 
(vi) Two-way operating single basin. 


Methods of Operation 

Single Effect: In the most simple type of tidal power 
scheme, a barrage enclosing an estuary or a bay 
creates a single basin. The potential energy of water 
in the basin is utilised when the basin is emptied, and 
this is known as the single effect emptying cycle 
(vide fig. 1). 


There are three distinct operating phases: 


(¢) A filling phase:—The turbines are stopped and 
valves are open. With the tide rising water flows into 
the basin through the valves. 


(it) A waiting phase :—The turbines are stopped, 
valves are closed and sea-level falls. 


(tit) A production phase:—The turbines produce 
energy by reason of the head created by the difierence 
in level between the basin and sea. 


In this arrangement, power is developed during the 
flow of water from basin to sea. A similar type of ope- 
ration is when the turbines operate during the filling 
cycle. Since the estuaries are of irrigular shape, the 
volume of water moved for the same difference of 
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level will be more in the upper layers than in lower 
layers, the filling type of operation gives less energy 
than the emptying cycle. For exampie for Rance 
project, the ratio is about 2/3: 1. 


Double Effect: In this method, energy is produced 
both during the filling and emptying of the basin, 
(Fig. 2). Before the advent of modern feathering 
blade turbine which operate in.either direction of 
flow, it was necessary that arrangements should be 
made to ensure the flow through the turbines uni- 
directional. 


Pumping: To improve stillfurther the operation of 
double effiect cycle, the modern turbines can be made 
to operate as pumps at slack water periods and the 
utilisable volume of water and the operating head is 
thus increased. The net gain in power production, 
inspite of power consumed by pumping is substantial 
and a further economic advantage is secured by the 
differential in value which exists between peak-load 
and off-peak energy. 


TIDAL POTENTIAL 


One-way Operating Tidal Plant: 

Consider a basin operated from sea by a dam, the 
water level in the basin following the rise and fall of 
the sea. 

Let H= tide height, Vg =capacity of basin, at 
corresponding water level H, S,,) =area of the basin 
corresponding to water level, z, in the basin. 


The work performed during emptynig period will be 


H 
Epi = f y Sw) Z dz. . (1) 
Z=0 


and during filling cycle, 


H 
Ere = { a Sw) H —Z) dz. ee (2) 
Z=0 


Thus the total tidal energy during a tidal cycle is 


Es =Ez, +Ep.=y H - Sq) dz=y H Vz (3) 
Z=0 


The above is the ideal value, but actually a fraction 
of it can be utilised, 


i.e., Ep =d y H Vg where 6 < 1 i (4) 


With the help of artificial means, it is possible to 
arrive at a much higher degree of utilisation. As soon 
as the tide reaches the highest point, sluice gates in 
the dam are opened to admit water at high velocity 
to the empty basin and subsequently closed as soon 
as the basin is filled. Taking into consideratisn the 
surges occuring in the basin while being filled, tests 


models have established that a storage level of 1.5. 
H can be easily attained. 


As there is no energy generation during filling 
period, the possible energy output can only relate to 
the emptying period, i.e.,the ebb half of a tidal cycle, 
hence 


Ey =}y 8 (1.5H)?=1.125 yHVp .. (5) 


Therefore in the most favourable instance by using 
surges to the full, the energy production can be more 
than that would be possible normally without surges. 


The above consideration apply exclusively to the 
plants with turbines only and, asaforesaid, utilisation 
possibilities could be substantially modified by adding 
a pumping system. If for instance for a one-way plant 
operating with turbines and pumps, we may have in 
addition to main basin, an auxilliary basin, Fy) 
(z>H), with its bottom lying at the level of the tide 
height H. While the incoming tide fills the main basin 
the pumps coupled to the turbines lift water to the 
auxilliary basin to the level B. If the turbines and 
pumps are of equal capacity then we have 


B 


H 
f y Sw (H—z) dz = a y Fw) (z—H) dz (6) 
Z=0 H 


(i.e., energy produced during filling cycle is utilised 
for pumping to level B), 
and if the pumped volume is V,, then. 


— B 
Es = f y Sw) Zdz + I y Fe) Zdz 
Z=0 2=H 
=y H (Vp +Vs) 7 (7) 


Comparing equations (2) and (7), we notice that the 
theoretical energy produced during the ebb period is 
increased by H V, on account of pumping 


Two-way Operating Plant : 

In this system, a basin of appropriate size separated 
from the sea by a dam tillsand empties solely through 
the power house. In contrast to other systems, no 
additiona] sluice gates or intermediate dams are 
required. 


Once the high tide begins to fall and the level of 
the water in the basin stands above sea-level, condi- 
tion a, (Fig. 3) the turbines are started as soon as 
required head is available (condition t) and pass the 
water of the basin down to a minimum level. By 
adjusting the guide and runner vanes, the turbines 
run idle and water continues to flow out of the basin 
(condition V). Subsequently the turbines operate as 
a pump, (condition p), the water level in the basin 
sinking below sea level. following a waiting period 
(condition a) during which direction of flow is reversed 
and the flood tide starts afresh. The turbines opera- 
ting under load from the sea side (condition t’) utilises 
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the head available. After a period of idle running 
(condition V’) andthe subsequent pumping (p’)and a 
waiting period (a), the working cycle begins again. 


In such a plant operating with double admission 
turbines and two-way pumping, and in the general 
case of a single basin without higher auxilliary basin, 
the pumps drawing their power from the network, we 
have the following four phases: 


(i) The water level in the basin=low water level, 
being further lowered by—B by pumping, the pumps 
will draw from the network 


—B 
Ep: =f Y¥S8@Z 
Z=0 


(8) 


(ii) The rising tide fills the basin and the energy 
output of the turbine is 


H 

a Pi y 8, (H—Z) dz = (9) 
Z=—B 

(tit) Upon high water level being reached, the 


pumps raise the water level in the basin to C with an 
energy consumption of 


C 
Ep: 5 f y Siz) (Z—H) dz ~ 
=—B 


\ -ll 


(iv) The turbines utilise the water in the basin 
down to the level zero, during which period, energy 
output is 


t 
En = f y Sq) Z dz —— 
Z=c 


Therefore, net energy produced in an operating 
cycle 


Ep = Eur + Ete ae Ep: A Ep2 


C 
= yH f S() dz=yH (Vg + Vp:+Vps) (12) 
=—B 


Therefore if turbines and pumps operate at both 
flow and ebb periods, the energy gain to be expected 
amounts to y H (V,, + V,,.) as against turbines 
exclusively in operation and y H V,, in the case 
of one way pumps delivering into a high auxilliary 
basin. 


The judicious selection of the sea-dam site in a bay 
or estuary makes it possible by taking advantage of 
resonance to increase the tide range during the tidal 
cycles since each basin has a natural frequency of 
its own depending on its size. In a basin of length L,,, 
with a rectangular C.s, and-adepth t, the natural 
frequency isT =2L/+/gt. When the natural frequency 
approaches the frequency of the tide ,the tidal impulses 
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which set the water in the basin into oscillation are 
reinforced. There is then the possibility, as proved by 
computation, of tide range increasing upto 10%. 


TURBINES FOR TIDAL PLANTS 


The tidal power development has been rendered 
possible by one vital factor—the development of a 
horizontal Kaplan type turbine—alternator unit 
suited for very low heads and capable of operating 
either asa turbine or a pump with the water flowing in 
either direction. Such a unit offers the real solution to 
the problem of the intermittent character of the tides 
and this, coupled with the fact that the savings in the 
capital cost both of the units themselves and of the 
associated civil engineering construction works are 
so substantial, has transformed the economics of the 
tidal power with the knowledge of aerodynamics, it 
proved possible especially with high speed turbines 
to increase efficiency by adopting favourable blade 
profiles and by reducing flow losses in the inlet cham- 
ber and draft tube. 


In case of axial runner wheels employing spiral cas- 
ing and elbow shaped draft tube, the flow from inlet 
to runner wheel is relatively long and the admission 
to the runner wheel and the subsequent discharge in 
an elbow shaped draft tube involves repeated deflec- 
tion of flow. Therefore the type of turbines generally 
used for run-of-river plants are not fully suitable tor 
tidal duties. 


DEVELOPMENT GF TUBULAR TURBINES 


An arrangement in which a horizontal axial flow 
turbine drives a vertical generator through a bevel 
gear installed inside the guide wheel-hub proves more 
favourable in meeting the requirements of good water 
flow and economical expenditure on building work. 
A pre-requisite for the adoption of this design is reli- 
able sealing of the gear which operates in an oil bath. 
If this can be fulfilled, then the generator can also 
be installed within the guidewheel hub. Supply of 
cooling air and discharge of possible leakage water 
can be accomplished by employing hollow wicket 
gates. It is here that the development of axial flow 
tubular turbines, also known as ‘“‘Arno-Fischer’’ tur- 
bine commences. At the runner end, the guide-wheel 
hub is sealed against rotating shaft by a stuffing box 
employing rubber lips. For shutting off the turbine, 
there is a butterfly valve on the intake side and a 
stop-log on the discharge side (Fig. 4). The tubular 
turbine has the advantage of favourable flow both 
at entry and exit resulting in better discharging 
condition. 


The experience gained at the Rostin plant, Pomer- 
ania, shows that in principle, it is possible for atleast 
small outputs, to arrange the generatcr inside the 
guide-wheel hub provided the external dimensions 
have not been chosen too small and the profile of the 
guide vanes are dimensioned enough to allow of suffi- 
cient air cooling in the generator. 


The tubular turbine may be said to have originated 
by the late American Engineer L. F. Harza, who 
proposed a horizontal runner surrounded by a ring 
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which carried the alternator poles, the alternator thus 
forming an annulus around the water passage (Fig. 5). 
This design is specially suitable for large units. In this 
design, the generator again becomes easily accessible. 
With the large magnet ring diameter, it is easier to 
accommodate the required fly wheel effect for pro- 
per regulation of large units. At the same time, the 
guide wheel hub can als» be favourably designed for 
the flow. 


The main problem in this design is the sealing of the 
external rim of the runner wheel rotating at more 
than 20 m/sec., and the stationary tubular parts in 
such a manner that no water could come in contact 
with the windings of the generator. This led to varicus 
designs providing other locations for the alternator. 
Two solutions in particular proved significant. 
[he first was to install the alternator in an open pit 
and the second was to construct a combined turbine- 
alternator unit in which the alternator was housed in 
a bulb completely surrounded by water. 


The pit type represents the advantage of using a 
standard alternator which is permanently accessible 
for inspection. On the other hand, the .discharge 
passage bifurcates and passes round either side of the 
pit and in the case of large capacity machines at very 
low head, the necessary size of the alternator tends to 
make this bifurcation excessively divergent, adversely 
afieeting the hydraulic conditions. A possible solu- 
tion to this difficulty is use of a speed-increasing gear 
between the turbine and the alternator to reduce 
the size of the alternator. 


In the bulb-type installation, an adjustible two 
wheel turbine-pump, also operating in either direc- 
tion of flow as a turbine or a pump is used (Fig. 6). 
The turbine pumpand its hydraulically ccupled gene- 
rator are enclosed in a cylindrical tube widening at 
one end to a bulb shaped section and designed in 
accordance with wind tunnel tests. The respective 
duties of guide vane and runner are fulfilled either by 
the front or rear whee] according to the direction of 
flow.. These have adjustible and reversible vanes and 
can be thtown in or out independently of each other. 
At a given position of the vanes, it is even possible to 
stop the flow through the turbine altogether. Sealing 
between runner rim rotating in water and the station- 
ary turbine casing is effected by what are called lip 
seals. The lips seal so tightly that each turbine has a 
leakage of 2 to 4 litres/sec. which can be readily dealt 
by leakage tray and then led on to the leakage sump. 
This atrangement definitely avoids any increase 
in overall lengths of the turbine, but great care is 
necessary to ensure the presence of such a large body 
in this sensitive zone does not afiect the bydraulic 
performance. On account of the fact that these are 
low-speed machines, one of the limiting factors in 
this design is the size of the generator. A successful 
suggestion to this is to introduce a planetoty speed- 
increasing gear between the turbine and the generator. 
The need to reach the genezator for maintenance Jed 
toaninvestigation of the hydraulic effects of introduc- 
ing a verticalaccess shaft and the important discovery 
was made that the energy loss was only slightly greater 
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than that due to normal supporting vanes. This led 
to the provision of another supporting shaft below the 
generator on which the entire unit can be installed. 
A comparison between the tubular unit of this design 
and of equivalent vertical Kaplan units forlow heads 
shows an improvement in favour of tubular turbine, 
of 3 to 6% accompanied by reduced cavitation 
troubles. 


Preference should be given to inclined designs in 
view of the still better inlet passage, the shorter in- 
let distance and the easier location of the access pass- 
age under the machine with the same or even smaller 
excavation depths. The tubular turbine is chiefly 
suitable for heads ranging from 6 to 15 meters. For 
lower heads, deep excavation will be necessary. 


The types of turbine generally used in run-of-river 
plants are not generally suitab'e for tidalduties. The 
turbine shaft can be either horizontal as in tubular tur- 
bine or vertical. Tidal plants equipped with vertical 
plants and operating with one-way power flow only, 
do not substantially difier from the normal type of 
inland low head run-of-river installations, but if 
two-way working is to be made possible, the tut bine 
inlets and draft tube must be gated to suit the direc- 
tion of flow. Another solution would consist in provid- 
ing a revolvirg elbow typedratt tube which will not 
only create favourable flow conditionsin either direc- 
tion, but also take the place of the gate valves. 


The Voith type of tubular turbine, with two sets 
of guide vanes and a single runner, would enable the 
layout of the power-house to be simplified to some 
extent: the runner being encircled by the generator, 
the widths from the inlet intake to the outlet could 
be reduced. 


NEW APPROACH TO TIDAL POWER 

The approach is based on a new type of water wheel 
called “Impact Water Wheel” (I.W.W.) conchieved 
by Percy. H. Thomas while researching on wind tur- 
bine. The performance characteristics of I.W.W. 
permit operation interchangeability as a pump or a 
turbine and also operation with the flow in either 
direction with the change of blade pitch, all with the 
same direction of rotation. Further it operates nor- 
mally at constant speed even when the hydraulic head 
drops to very low value, of course, with a lowering 
of output and efficiency. 


The I. W. W. resembles the airplane propeller, the 
wind turbine and the hydraulic ram as all these have 
intermittent impact features. In physical form, the 
I.W.W. closely resembles the wheel of the Kaplan 
turbine taken by itself omitting the scroll case and 
wicket gates. The I.W.W. hasan enlarged hub and 
two or three narrow blades and is located at the nar- 
row throat in the stream line flow channel between 
the approach and the draft tube. The water stream 
would be a spouting jet through the throat except for 
the rapidly rotating blades, which, working through 
the inertia of the water, force the flow to take the 
velocity, corresponding to the average pitch. Since 
the blades hold back the flow, they carry the whole 
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Fig. 5. MAGNETRING SHRUNK ON THE RUNNER 








Fig 7. SEA-DAM For TIDAL PLANT 
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p2nstock pressure, and, since they have a pitch, there 
is a component of this pressure in the direction of 
blade rotation which constitutes the torque force on 
the wheel. This action of [.W.W. has much in common 
with ship’sscrew. Therotational speed of the I.W.W. 
is two or three times that of Kaplan runner, a 
character that is very favourable to the generator 
especially with low heads. 


DESIGN ASPECTS OF CIVIL ENGINEERING 
STRUCTURES 


The problem of foundation is of utmost importance 
_in a tidal plant. The foundation of power house must 
be strong enough to withstand the catastrophic con- 
ditions of nature like storm. As a rule, a tidal power 
house equipped with tubular turbines can be provi- 
ed with flatter foundations than the case of vertical 
shaft turbines. The wall of the power house of the basin 
side must be reinforced to cope up with the highest 
water level. Access to generators each enclosed in 
a bulb shaped casing is ensured by a service passage 
running along the whole length of the power house and 
housing;ventilation ducts and electric cables, 


DAM CONSTRUCTION 


The dam may be either rock-fill or earths fill. The 
grading of fill material must be adopted to the increas- 
ing velocity of flow due to reduction of water passage 
during construction. 


Another sqlution would be to sink prefabricated 
structural parts which would be floated to site on rafts 
or boats since a Sea dam requires a much stronger con- 
struction. These hollow prefabricated structural part 
are sunk and assembled into two rows of piers braced 
by struts. The bottom blocks are fitted at their out- 
side toes with hinged strips or grating which upon the 
block being in position are folded back to the sealed. 
The purpose of these is to minimise the effect of 
piping on the toe of the dam (Fig. 7). 

Silting: The incoming tide waves bring lot of silt 
and detritus which settle down in the basin. This has 
to be removed periodically by dredging. 


Navigation: The power installations set up at the 
mouths of the river, especially the dams of the basins 
close the waterway to navigation. Sea-lockshave to 
be built for this purpose. It goes without saying that 
when determining the mode of operation of a tidal 
plant, not only must the technical aspects of energy 
potential, but also navigation requirements have to 
be considered. 


THE RANCE TIDAL SCHEME 


A tidal barrage across the mouths of the river 
Rance where it enters the sea is erected at St. Malo. 
The dam is 710m. long, 48 m. wide and height of crest 
above the highest tide is 1.5m. The generating unit 
takes the form of the totally submerged upstream bulb 
type (Fig. 8), there being 38 generating units immers- 
ed in orifices of thedam. Double carriage way at the 
top of the dam provides a bridge across the river. 
The dam contains a number of sluices, while on West 
bank, there will be locks for the use of vessels navi- 


gating the river (Fig. 9). 
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Turbine pumps are used to solve the problem of 
providing tidal power at all times of the day. The 
project is operated as two-way operating system. 


The 38 generating units, each 9000 kW. have a 
total capacity of 342 M.W. and the annual output of 
800 M. kWh in excess of the energy borrowed for 
pumping purposes. Cost of the project is £35 M. 

The barrage will be made up as a hollow dam in 
R.C.C., in the interior of which are the 38 units. 10 
large sluices (5 on each side) are arranged which help 
either to empty the reservoir or filling at high tide. 


The mean tide height is 11.4 meters. 


Another interesting tidal scheme proposed is the 
enclosure of “BAIE du SAINT MONT MICHEL”, 
along Brittany coast, adjacent to St. Malo. 


Dam lengths is 23.4 miles. It encloses a basin of 
700 to 800 sq. km. at high tide level. 1200 generating 
units each of capacity between 7000 to 10,000 kVA 
are proposed. Total capacity is 8 million to 10 million 
kW. Annual producticn is 25 milliard (109) kWh. 
The difterence in level between high tide and low tide 
reaches 13.50 m. (44 ft.) at exceptional tidal periods. 


CONCLUSION 


Tn view of the evergrowing energy requirements, the 
urgency of a thorough investigation of the potentiali- 
ties of practicable tidal power schemes is bardly to be 
questioned. The advances in civil, electrical and 
mechanical engineering have already made such useful 
contribution that the first tidal plants are expected to 
function in the very near future. The problem of 
output regulation in tidal plants is satisfactorily met 
with by the adoption of turbine pumps. There is 
hardly any difficulty of civil engineering nature 
which cannot be overcome and hence we can conclude 
that both from the engineering and economic point 
of view, tidal power plants are today a perfectly practi- 
cable proposition to meet the growing demand for 
power. The experience gained in run-of-river plants 
can be practically applied in full to tidal schemes 
and in the support of theoretical and practical re- 
search, the dream of tidal plants can be brought to 
fruition. 


It may be added that, the two dominating factors 
which intervene in tidal power schemes are the tide 
range and the area of power basin. It is therefore 
obvious that suitable sites are ever so much scarcer 
than is the case for normal river developments. 
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A New Theory 


for Designing Axial Flow Pumps 








The success of the axial flow turbines gave an 
impetus to the design of axial flow pumps. Early 
designs were mostly empirical. Later (1928) pumps 
were designed on the one-dimensional theory ', ? 
This theory correlates with specific speed, the other 
characteristic non-dimensional ratios of the pump. 
It assumes one particular velocity to be characteristic 
of the entire flow through the hydraulic passges. 
The correctness of this approach is proportional to 
the effectiveness of the guidance of the water by the 
the vanes. Too mary vanes to bring about correct 
guidance result inheavy friction losses. If the vanes 
are too few, one velocity cannot represent the entire 
flow between the vanes. This difficulty forced the 
development of the two-dimensional theory. 


TWO-DIMENSIONAL THEORY EMBODIED 
IN AIRFOIL THEORY 


The first comprehensive article on this theory was 
given by W. Spannhake in 1934 3. Inspite of con- 
siderable theoretical work having been done since 
then and before +, 5,°,7,% the desing data is 
still Jargely dependent on experimental work for 
correct determination of the airfoils used and deter- 
mination of lattice effect coefficients. The theory 
onnecting the airfoil data with the design require- 
ments is constantly undergoing improvement. The 
original work of Spannhake was based mostly on gene- 
ral engineering principles. Later on O’Brien and Fol- 
som 9 developed a theory which took into account 
the drag coefficients as well. Other workers may also 
be mentioned 3, ®, 7, 8, #° ' 29, Still later Wislicenus 
2t in his book “Fluid Mechanics of Turbo- 
Machinery” (1947) derived his theory based purely 
on recognised principles of Fluid Mechanics. Tho 
present status of research is the development of the 
three-dimensional theory (21, 22). This is still in the 
early stages of development. 


AIRFOIL THEORY 


The procedure for designing vanes by this theory is 
briefly as follows. The flow conditions, that is the 
discharge and the particular head at which it is re- 
quired are the main data. From the discharge the 
area of through flow is determined by assuming a 
suitable velocity. The first choice between the ratio 
of casing diameter to hub diameter is made generally 
on pr2vious exp2rience. Later it is corrected to fit in 
this parameter with other design and performance 
features. The assumedevelocity V,, is then correct- 
ed after finalising the design by the equation 


iennitlt Ke (1) 


where C;. the thickness reduction ratio, can be 
correctly determined by the equation 


By N. 8. GOVINDA RAO 


Cpt a o (2) 


where {7 is the thickness 

of the vane. The space between the casing and the 
hub is now divided into a convenient number of 
equally spaced, cylindrical sections, at which the vane 
elements can be designed separately and which when 
combined will give the complete vane. Knowing the 
speed of rotation of the shaft, the linear speeds of the 
impeller at the chosen radii can be calculated. The 
head generated at all the radii is assumed to be the 
same and equal to the design head. From the head 
requirements of the pump, the peripheral component 
V2 is determined using the Kuler’s equation 


H= U2 Vue mm (3) 
g 


For design purposes, V,, is assumed zero. Thus, at 
each of the chosen radii, the triangle of velocities are 
drawn (Fig. 1). The velocity of through flow, Vr, 
is kept constant at all radii but the tangential com- 
penent will vary with the radii as H is constant. At 
any one of the radii chosen, a triangle of velocities 
is drawn (Fig. 1). V, and Bg are then calculated as 
follows: 


Veo *=Ve*+ (U—-) 2 
V 
and tan B, =VFju— a . ee (5) 


Then the relation between coefficient of lift Cy and 
circulation is made use of as per the following 
equation : 


9 PAV 9 
Cz = =. = 2 AV. t 2 Vet (6) 
Vol Vo 1 Ve i 
A suitable value of Cy is assumed and the t/1 ratio 
is computed. Usually Cy is assumed as equal to or 
less than unity as this gives both a minimum value of 
Cp/Ci and smooth flow over tbe airfoil. Since the 
peripheral speed of the runner is higher at the 
casing than at the hub, Cy at the casing is much 
lower than at hub, for uniform lift. For values 
of Cy chosen, the airfoil corresponding to it is 
selected from the NACA Technical Reports No. 460. 
The angle of attack is known from these reports, 
and to this is added the angle B , to obtain the vane 
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inclination (Fig. 2). The other remaining data, the 
length of the airfoil is obtained from the t/1 ratio. 
The number of vanes used varies from 2 to 6, the 
lower number being used for high specific speed pumps. 
The vane spacing is calculated from: 


2xr 
tan’ os on 7) 
7 ( 


where r is the radius of the section under consideration 
and Z is the number of vanes. Using this value of t in 
equation(7), the length isdetermined from the t/1 ratio 
obtained from equation (6). This completes the design 
calculations for one section which is repeated for other 
sections. 


LIMITATIONS OF AIRFOIL THEORY 


This theory assumes frictionless, irrotational flow 
to occur through the hydraulic passages. This is not 
strictly true. The values of C, and Cp are obtained 
from wind tunnel test data. These values may not be 
the same as when they are treated in a water tunnel. 
Due to the higher viscosity of water, the airfoils 
may be expected to stall at smaller angles of attack. 
It should also not be forgotten that tests in a wind 
tunnel are carried out onairfoils with a constant sec- 
tion along the span. Inthe pump, the section of the 
airfoil changes for each of the cylindrical radii chosen. 
This airfoil section of the pump varies in chord 
length and in inclination along the radius instead of 
being constart. It is also assumed that the velocity 
of through flow is constant at all radiiand a zero pre- 
rotation is assumed. This is true to the extent the 
straight guide vanesbefore the impellers can help to 
achieve the condition. Thedrag of the fluid along the 
hub and the casing is neglected, as also the leakage 
losses around the blade tip clearances. One has to 
rely on only experience to fix the number of vanes 
to be selected, the optimum hub-casing ratio 
and even the diameter or speed of the impeller. The 
theory is applicable to points near to or at the design 
point (i.e. point of maximum efficiency). At lesser 
discharges,the angle of attack increases and the air- 
foil happens to stall under these conditions, the airfoil 
theory will no longer afford satisfactory results. It is 
for this reason that the discharge characteristics can- 
not be fully predicted by the use of the airfoil theory. 
Lastly in this theory, the total head on the pump is 
obtained by the weighted average of the heads genera- 
ted at different radii. This method has been found to 
give inaccurate results when compared with experi- 
mental data. 


However, despite these assumptions and limitations, 
the airfoil theory has not yet been replaced completely 
by any other theory. Current research centres round 
improvement in the airfoil theory like determination 
of cascade coefficients, development of more efficient 
vane forms, elimination of cavitation, pre-rotation 
etc, 


FORCED VORTEX THEORY 


Forced vortex theory as formulated at the Indian 
Institute of Science is indicated below : 


It is well-known that if free vortex flow is assumed, 
for zero pre-rotation H=U,V,,./g=a constant (8) 


But U,=wr +. (9) 
H= Wik = constant ai (10) 
V,2,=Hg/w = constant és (11) 


Applying Bernoulli’s equation, for a streamline flow 
in a free vortex: 


H=P/r+-V,?/2g=a constant say K, .. (12) 


But V,',=a constant K,. Substituting this in equation 
(11) We get: 


H=P/r+K,?/2g.r’°=p/r+K,/r?=K, ; K,=K,"/2g 
P/r=K,—K,/r* -» (18) 


This equation indicates that in afree vortex motion, 
the static pressure varies inversely as the square 
of the radius. This assumption of flow in a pump 
casing to be that of a free vortex is subjected to the 
following drawbacks as indicated by Stepanoff (10). 


(1) The free vortex motion of fluids can exist only 
at one point on the head discharge curve. At partial 
capacities, this tree vortex law does not hold good and 
at zero capacity it is a forced vortex flow. 


(2) It can be shown that the angular velocity of 
water varies inversely as the square of the radius 


W=V,,/r, But V,.V=K ; ... W=K/r? (14) 


It is difficult to understand how such an angular 
velocity distribution car result trom constant angular 
velocity of the rotating impeller. 


It is quite possible to generate different types of 
vortices within the pump casing. A more rational 
approach to the problem is to produce these vortices 
so that a detinite relationship can be established be- 
tween the type of vortex generated by a particular 
shape of an impeller and the shape of the discharge 
characteristic. This will incidentally bring about a 
co-ordination between theoretical design and test 
performance . 


Table I gives the number and characteristics 
of the vortices selected for study. The charac- 
teristics include the following information: vorticity, 
angular velocity distribution, tangential velocity 
distribution pressure distribution and type of 
vortex. 


In the above table, the laws of pressure distribution 
contain two constants C and h. Tbese two constants 
have to be determined if the complete pressure dis- 
tribution and tangential velocity distribution are to be 
known. Thus for two unknowns two conditions 
have to be sought, whereby the values of the two con- 
stants can be calculated. The urst of the conditions 
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is that the average, integrated H,, is equal to the 
design head. In the investigations made at the insti- 
tute, the average integrated head h was kept con- 
stant at 12.5 ft. Secondly the head generated at the 
bub was made equal to 10 ft. for all types of vortices. 
Table 2 gives the characteristics of the vortices with 
values of © and h. The variations of pressure and 
tangential velocity with radius have been shown in 
Graphs 1 and 2. Seven designs were made based on 
the tangential velocity distribution given by the 
vortices in Table 2. Except this, all the other follow- 
ing parameters were held constant for all the designs. 


(a) Number of design sections in the vane 
(b) Average integrated head 


(c) Velocity of through flow and hence the total 
discharge 


(d) Speed of rotation of the shaft 


(e) The four Gothingen airfoils selected for the 
four design sections 


(f) The values of Cy at the four design sections 
(g) The number of blades in each impeller 


(hk) Inthe plan view of allthe impellers, the leading 
edges of the airfoil were kept along one straight 
radial line. 


By keeping these factors constant, the radial rate of 
variation of head in the pump was allowed to mani- 
fest itself in two major design parameters. The two 
parameters are the length of the airfoil and the in- 
clination of the airfoil at the design section. These 
parameters influence the final complete vane inasmuch 
as the length determines the vane shape and the 
variation in the inclination determines the twist in 
the vane from the hub to the casing. 


Complete designs for seven impellers were worked. 
Table 3 gives abstracts of design of impeller ‘F’. 


The pumpin which the design impellers were tested 
was spegially manufactured for this purpose. The 
general dimensions of the pump necessary for testing 
the impeller designs were as follows:—-suction pipe 
diameter 10} in. Impeller casing diameter 10} in. 
Hub diameter 44 in. Delivery pipe diameter 12 in. 
Speed of pump 1200 rpm. The design head was 10 ft. 
of water and the discharge 1870 gpm. Specific speed 
9270. Water HP 5.67 HP and the average velocity of 
through flow 10.2 ft/sec. Assuming C;—0.9, we have 
VF =10.20.9=11.35 ft/sec. ; 


All the vanes were designed at four cylindrical sec- 
tions, one at the hub, one at the casing, and at two 
other sections. The radii of the sections were 2} in, 
3} in, 4} in and 5} in. The design of guide vanes 
does not call for any special comment. 


ANALYSIS OF DATA 


Actual pumps were constructed with these designed 
impellers A to F and their characteristics curves 
drawn. Theactual experimental values obtained have 
been superposed on theoretical values obtained 
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from purely theoretical calculations for the different 
impellers in Figs. (3) to (7). 


It is easy to see that in the case of impellers E and F, 
the test curve is quite different from the theoretical 
curves. Thus, the Airfoil Theory formula cannot be 
used to predict the characteristics of any impeller 
designed on the vortices EK and FP. In the case of the 
remaining impellers, the prediction of the head- 
capacity curve is accurate enough at the design point 
and beyond (i.e. for discharge values higher the design 
value). It is to be noticed that the average ourve of 
the radii at 5.25”, 4.25 and 3.25, is.to be taken. The 
curve at R=2.25” does not help increating pressure. 
The Airfoil Theory failsto predict the characteristics 
at smaller discharges because this theory does not 
hold good after the airfoils have stalled. It is to be 
remembered that the characteristics of the airfoils 
used were obtained from wind tunnel data and it is 
known that due to viscosity the same airfoils tested in 
wate (i.e. bydrofoils) will stall earlier. Use of water- 
tunnel characteristics of airfoil will possibly yield 
better and more accurate results in prediction. 


At present, the airfoil theory can be used to deter- 
mine the characteristics of an impeller only in the range 
of high discharges and low heads. 


The test-curves obtained for individual impellers 
are given in Figs (8) to (12). These results have been 
summarised in a few graphs in Figs. (13) to (18). These 
curves will be studied individually as important 
conclusions could be derived fromthem. 

(a) Cy—Ce curve (Fig. 13); (6) Cp—Cg curve 
(Fig. 14); 

(c) n—Cg curve (Fig. 15) 

(d) Percentage of power—Percentage of discharge 
curve (Fig. 16). 

(e) Percentage of head—Percentage of discharge 
curve (Fig. 18). 

(f) Percentage of efficiency—Percentage of head 
curve (Fig. 18). 


(a) Study of Cy—Cg curve (Fig. 13): 


The first conclusion that can be reached from this 
graph is that the inclination of the Cy—Cg curve is a 
direct function of the vorticity of the impeller. 
Thus, impeller F with the largest amount of vorticity 
has the steepest Cu—Ca curve, while impeller B 
which has zero vorticity has the flattest curve of all. 
The intermediate vortices have curves varying 
uniformly between these two limits. 


The shut-off head (i.e. Cy at Cg=O) is the highest 
for impeller E and is the lowest for impeller B. The 
low shut-off head of impeller B is of very great impor- 
tance as it indicates that it will also have a low shut- 
off B.H.P. This will be confirmed when studying the 
Cp —Cq curve. 


The most efficient point of each impeller has been 
indicated on each graph. The position of the points is 
interesting to study. The points for impellers B, C,E 
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and F are close together while the best efficiency 
point for impeller D is isolated. This shows that 
vortex D is most suitable for designing axial pumps 
for very high discharges and very low heads. The 
other vortices give a lower discharge at the same head. 


The position of these best efficiency points in rela- 
tion to the design point gives a measure of the design- 
ing ability of an engineer. All the impellers have been 
designed for the point, at Cg=.373 and Cy=1.05. 
In the case of impeller D, the best efficiency point 
head and discharge are greater than the design values. 
Hence, a designer would do well to assume a smaller 
manometric efficiency for designing purposes. The 
best efficiency points for impellers B and F are most 
distant from the design point. 


(b) Study of Cp —Cg curves (Fig. 14): 


The impeller with the highest shut-off B.H.P is 
impeller E and impeller B gives the least shut-off 
B.H.P. Also, impeller B gives the flattest Cp—Cg 
curve and hence it is the impeller which is to be 
recommended when there is a valve in the delivery 
circuit. Although the curve for impeller F has a 
small shut-off head, it is very steep and at high values 
of Cg delivers water with the least B.H.P. input. 


The best efficiency points for impellers B and F 
occur at small values of Cg and Cp while the best 
efficiency point for impeller D occurs at relatively 
high values of Cg and Cp. 


(c) Study of, y—Cg curves (Fig. 15): 


At small values of Cg the impeller F gives the best 
efficiencies, as it is flatter than the others. However, 
impeller F does not have a bigh maximum efficiency 
and the maximum efficiency occurs at a wall value of 
Ca. 


Impeller D possesses the maximum efficiency and it 
occurs at a high value of Cg. Impeller B appears to 
have the lowest efficiency but is flatter than all the 
other in the region of the maximum efficiency. 


(d) Study of percentage of head—Percentage of 
Q curves (Fig. 16): 


The percentage characteristics are very useful to 
study as their geometry is independent of the design 
point values. That is to say, even if another axial- 
flow pump were designed for a higher or lower 
discharge, on any one vortex, the geometry of its 
percentage of head—percentage of Q characteristic 
would be identical with the shape indicated for 
that vortex as shown. 


The curves become more and more steep as the 
vorticity of the impellers increases. Thus, impeller F 
has the steepest curve and impeller BB the flat- 
test. The shut-off head is as high as 326 per cent of 
the design head for impeller F, as against 188 per cent 
forimpe!ler B. Theshut-off head for the otherimpellers 


lers incteases uniformly. In the case of impeller B, 
the curve is very wavy, i.e. as the valve is opened from 
its closed position, the percentage head first increases, 
then sharply falls, increases once again before the 
design point and drops again after the design point. 


(e) Study of percentage of B.H.P—Percentage of 
discharge curve (Fig. 17) 


This is one of the most important graphs, as it is 
from these curves that the size of the motor for the 
pumpis to bedecided. The curves indicate that the 
impeller E requires a motor whose H.P. has to be 212 
percent ofthe design powerof the pump. This figure 
is brought down to 165 percent inthe case of impeller 
B. It is to be noticed that the maximum percentage 
of B.H.P occurs at a point a little before complete 
closure of valve. Once again, impeller B has the flat- 
test curve, foreven at 40 per cent of design discharge, 
the B.H.P. is 108 per cent the design B.H.P. 


Thus in all situations where a valve bas to be operat- 
ed in the delivery circuit, impeller B is to be recom- 
mended as it has a flat B.H.P—Q curve. 


(f) Study of percentage of efficiency—Percentage of 
head curve (Fig. 18) 


These curves have been plotted to bring out the 
advantage of impellers E and F. Many situations 
oceur in practice where the pump has to deliver water 
over a wide range of heads. In these circumstances the 
disadvantage of using impeller B could be very easily 
seen from this figure. For small ranges of head about 
the design point, impeller E is seen to have the flattest 
n—H curves. For very wide ranges of head, impeller 
F is to be favoured. 


Conclusion 


Axial-flow pumps have to be designed according to 
the specific use to which they will be put. Some have 
to deliver very large quantities of water at very low 
heads. Others have to deliver a large volume of water 
at a very low heads. Others have to deliver a large 
volume of water at a high head. Still others have to 
operate with high efficiency over a larger range of 
heads. Each of these conditions have to be met 
with a special design of impeller. The answer to 
this requirement is provided by the use of the 
vortex theory of axial-flow pumps. 


The airfoil theory as it exists to-day, does not allow 
the designer much s*ope for producing various shapes 
of impellers. This is because the head generated along 
the radiusis kept constant. The vortex theory permits 
the head to be varied according to the formulae pro- 
vided by each vortex. Thus, the vortex theory en- 
ables one to design pumps with a varying amount 
of vorticity in the pump. 


In this way, it has been possible to design 
different impellers for the same head and capacity 
requirements. The characteristics of these impellers 
have indicated many striking features. 
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Impeller B, the free-vcrtex impeller, has the out- 
standing advantage of having a flat power vs dis- 


charge curve and the lowest value of power for nil 


discharge. 


Impeller D, the impeller which generates a constant 
peripheral velocity along the radius, could be used 
most advantageously when the pump requirements 
eall for large quantities and high pressures. This 
impeller has the highest efficiency compared with the 
others. 


Impeller F, the forced-vortex impeller, has the 
advantage of operating with higher efficiency at par- 
tial discharges. It is particularly to be chosen when 
the pump has to work against a wide range of head. 


Thus, it is seen that the vortex theory of axial-flow 
pumps enables the engineer to design axial flow 
pumps for different requirements. It is the versatility 
of this designing procedure that will make the vortex 
theory more useful than the airfoil theory. The 
efficiencies given in the table can be considerably 
improved by better workmanship from what was 
possibie in a small workshop. 
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Table 1 
Sl. Impeller Vorticity Angular velocity Tangential velocity Pressure Type of 
No. Number z distribution distribution distribution vortex 
C r5/2 3 oe Te it ey P = ami 2 
1 A .= — w=(C,r5/? V,=C,rs"* Fes Jere . 
. 1 w92 T 1 P —C "4 2 
2 B =0 w=(C,r V,=C,r ae 2_+th Free vortex 
Y 2gr? 
3 Cc 2= C, r3, ’ Ww anC,3°3/* V,=C,r'/* _P pas —c* +h, 
2 Y gr 
\ 1 — -I ee o> by Si C, : 
7 D ,=Cr w=C,r V,=C,r°=C, —— =——4. loger+h,  V, is cons. 
Y 8 tant 
4 y Q/DLN pol /2 os -1/2 _—_ 1/2 My _C,*r T2 “ 2 
y E 2=3/2C,r°"/ w=C,r-"/ V,=C,r'/ ——=-5_ +h, V,7/r_Centrifugal 
Y ad force =constant 
2,2 
6 F = 2C, w=Cgr°=C5 V,=Cg.r ae = + hg Forced 
Y “8 vortex 
12 
7 G .=5/2C,r'/?  w=C,r3/? V,=C,13/? P=& +h, — Superforced 
= 3 
, Y 8g vortex 
Table 2 
Sl. Vortex Vorticity Law of angular velo- Law of peripheral velo- Law of pressure Type of vortex 
No. Ref. city distribution city distribution distribution 
P — .02222 
l A p=. 715 5? w,=1,43 r-5/? V,=1.43 r-3? es EB ee 1G. OG 
. Y r3 
ome 72 
2 B 2=0 w,=3.02 r-? V,=3.02 r=" Re =— — + 14.035 h+ PR = Constant 
Y - Y .28  |-. Free vortex 
3 C  ,=3.065r-9/? w.=6.13 3? V,=6.13r2 2 — —!168 | 16 935 
y r 
4 D ,=122r" w,=12.2 r-! V,=12.2 r° _P =4.63 loge r +17.74 V, is constant 
=12.2 Y along radius 
5 E  ,=36.0r"/ w,=24.0 r-1/2 Vy=24.0r'/? 17.93 146.58 V,2/r=centrifugal 
Y force =constant 
6 F 290.8 r° w,=45.4 r° V,=45.4r z =32 r?+8.875 w,=constant 
=90.8 =45.4 Y .. forced vortex 
7 G ==211.25 r''? w,==84.5 r'/? V,=84.5 r°? the r+9.50 Superforced vortex 
Y 
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Table 3 
Summary of Design of Impeller ‘F’ 
Sl. Sections 
No. Quantity satay ELAS eta Soe ares 
1 2 3 4 
1 Radius 2.25” 3.25 4.25” 5.25 
2 Ug 23.6 34.05 44.5 55.0 
3 Head 10.00 11.225 12.885 15.0 
4 Vuz 8.51 12.3 16.1 19.86 
5 Veo 21.57 30.1 38.25 46.5 
4 Boo 31.75 22.15 17.28 14.14 
7 Ci I/t 79 818 .843 .854 
8 CL 1.0 0.9 0.8 0.7 
9 I/t 1.267 iA 0.95 0.82 
10 K 1.06 1.43 2.00 1.82 
1] « 3.3 1.428° .65 2.5° 
12 B=Ba +o 35.05 23.58° 16.628° 16.629 
13 ty 3.535” 5.11” 6.68” 8.25” 
14 ly 2.79” 4.65” 7.04” 10.06” 
15 Depth of elevation 18ing 1.6” 1.85” 2.01” 2.875” 
16 Plan length. 1 Cos 2.285” 4.26” 6.74” 9.63” 
17 Airfoil Gottingen 624 436 428 587 
Table 4 
Test results of Impeller ‘F’ 
Head __Discharre * _ = Power 
10 2 
: o & a a~ Ao 3 = 
a See ie 8. g< 23 og Sh ee ne ge 42 
»" ££ © © geet ee HH £2 wt Bee ST 
af Fo PP Sea +" * Bae ee 
< x X _ * = = D o o 
1 1225 5.40 5.67 1.85 15.24 46 13 716 4.32 86.0 4.96 2.96 59.5 .336 .573 .881 
2 1235 6.50 6.82 2.14 14.95’ 4.39 13 8.64 4.93 86.0 5.68 3.395 59.77 .3185 715 878 
3 1180 «67.20 «7.56 «22.64 14.45 4.03 1: 8.26 4.71 86.0 4.53 3.344 63.62 .396 823 1.006 
4 1170 (7.65 48.03 2.94 14.15 3.82 13 8.38 4.87 86.0 5.61 3.48 62.0 .2925 .889 1.074 
5 1190 9.40 9.87 3.33 13.76 3.57 14 9.12 5.75 85.5 6.58 4.09 69.79 .269 1.058 1.168 
6 1255 11.90 12.50 3.64 13.45 3.36 15 11.50 7.11 85.5 8.148 4.76 58.42 .24 1.204 1.18 
7 1200 13.70 14.40 5.27 11.82 2.48 15 11.20 7.00 85.5 8.02 4.05 50.50 .1852 1.518 1.388 
8 1190 14.05 14.75 5.50 11.59 2.35 15 11.10 6.94 85.5 7.95 3.93 49.43 .177 1.578 1.42 
9 1170 15.50 16.28 6.33 10.76 1.945 15 11.21 7.02 83.5 8.03 3.59 44.70 .145 1.80 1.54 
10 1180 14.85 15.60 6.10 10.99 2.05 15 . 11.20 7.00 85.5 8.02 3.625 45.19 .1555 1.695 1.484 
11 1170 16:90 17.73 6.99 10.10 1.675 15 11.70 7.33 835.5 840 2.97 35.35 .1282 1.962 1.603 
12 1215 18.40 19.32 6.82 10.27 1.74 16 8.39 8.39 8£.0 9.38 3.81 40.31 .1282 1.995 1.56 
13 1180 19.90 20.9 7.76 9.33 1.38 16 e 8.33 84.0 9.38 3.265 34.80 .1048 2.27 1.735 
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Centrifugal and Propeller Pumps: 
Operating Characteristics and Preventive 


Maintenance 





It is indeed a privilege to have been asked to 
prepare a paper for the Civil and Hydraulic Engineer- 
ing Section Seminar on Hydraulic Manchines for your 
Golden Jubilee Celebration. J regret that 1 cannot 
appear in person to enjoy fully the occasion and to 
meet petsonally you people, some of whom are known 
to me only by your handiwork. 


It occurred to me that probably a number of water- 
works or utility men would be present and that I 
might discuss some hydraulics that could assist them 
in knowing more about pumping machinery. Then 
I could include some of the “‘why it was designed the 
way it is’? and some reasons for the selection of pumps 
for a given task. In America, I have found an increas- 
ing interest insome workable preventive maintenance 
program for mechanical equipment. Because of my 
rather broad experience in this matter during World 
War IT, I am offering some suggestons as to a program 
that will obtain maxmum service of machinery at 
minimum expense. 


Researches indicate that in 1754 Euler in Germany 
developed a centrifugal pump in primitive form. It 
was never put into practical use. During the next 100 
years, a number of rotary and centrifugal pumps were 
invented largely by French engineers. Good 
performance was not obtained. A Mr. MacCarthy 
in the year 1830 made a pump and erected it in the 
New York Navy Yard. At the middle of the 19th 
century (1851) J. G. Appold of London, England, 
achieved great success with his centrifugal pump 
because he obtained efficiencies almost three times 
the magnitude ever reached by former experimenters, 
or a jump from about 25% to 65%. 


Obviously, the pump is not a modern invention, but 
since the beginning of the 20th century, great strides 
have been made in attaining outstanding operation 
and performance. In some cases maximum perfor- 
mance may have been obtained. This means that the 
designer has embodied within his pump all of the 
established theory on flow and transformation of 
energy and that he has reduced mechanical and 
hydraulic losses t» a minimum. Plate I graphically 
portrays a summary of accomplishment. 


It is manifest that as the centrifugal pump develop- 
ed, it had to compete with the already established 
reciprocating pumps of high efficiency. This competi- 
tion has been successful because the centrifugal 


pump operates at relatively high speeds and is usually 
{except in case of the largest propeller types) direct 
connected to the driver or prime mover sothat power 
transmission losses are small. Because of their high 
speed, the the pumps are relatively small as compared 
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with reciprocating machines. Some of the advantages 
of the centrifugal pump which have given it wide 
application are: 


. Low initial cost 

. Low installation cost 

Low housing cost 

Low operating cost 

. Low maintenance cost 

. Simple regulation 

Direct connection to driver or prime mover, 
usually eliminating speed reducers. 

. Pumping any liquid including sewage. 


PUMP EFFICIENCY 


The efficiency of a centrifugal pump depends upon 
the reduction of the following inherent losses: 


oe NOupwwoe 


1. Hydraulic 


a. Friction loss in impeller. 

b. Friction lossin volute and/or diffusion vanes, 
c. Shock lossesin volute and/or diffusion vanes. 
d. Wearing ring leakage. 

e. Dise Friction Losses. 


bo 


. Mechanical 


a. Bearing friction losses 
b. Stuffiing box losses. 


Relative to performance, the efficiency of a pump 
depends upon, CAPACITY (discharge), HEAD 
pumped against, and SPEED. Of these three factors, 
hydraulic capacity is the most_important. Friction 
and turbulence losses are a smaller percentage of the 
total required power when larger capacities are en- 
countered. Dise friction and mechanical losses are 
relatively smaller at large capacities. It is to be ex- 
pected that increased head for a given capacity will 
result in lower efficiency as increased head requires 
either a larger diameter impeller or a higher speed. 
In either case, increased mechanical losses result. 


PUMP CLASSIFICATION 


Indications are that the present application of 
centrifugal pumps is so broad that it can be said it has 
very few, if any, limitations. This statement is made 
as a result of the many variations in type and classi- 
fication as illustrated in the Figure 1 to 6. They 
are described in brief as follows: 
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Figure |—Radial Type Impeller. Head is developed 
largely by action of centrifugal force and is used for 
medium and high head work at relatively low capa- 
cities. It is truly the conventional type and appears 
in almost all multi-stage designs. Ratio of the dis- 
charge diameter to the inlet diameter is about 2.0 
or slightly greater. 


Figure 2—Double Suction Type Impeller. Larger 
capacities are obtained at about the same head range 
as for the single suction impeller of Figure 1. This type 
ishydraulically balanced asthe end thrustsare opposed 
and in balance. This added advantage for certain 
purposes should not be overlooked. 


Figure 3—Curved Blade or Francis Type Impeller. 
It is used either for lower heads or higher capacities. 
Ratio of discharge diameter to the inlet diameter is 
usually much smaller than for Figure 1 and Figure 2. 
For a given capacity and head the Francis impeller 
can operate at higher speed than the conventional 
radial blade impeller (Figure 1). Impeller can be 
constructed as a double suction also. 


Figure 4— Mixed Flow Francis. Head developed by 
this type is caused in part by the centiifugal force and 
the remainder is due to the push of the blades. 
Discharge is partly radial as well as axial and hence 
the reason for the name of mixed-flow. Mean dis- 
charge diameter is about equal to the inlet diameter. 


Figure 5—Propeller Type. Almost all of the head 
developed is caused by the push of the blades as the 
flow is almost entirely axial. Heads are low with a 
range of 3 to 30 feet, speed is from 100 to 1800 rpm 
and capacities are exceptionally large up to 800 cfs 
or greater. 


SPECIFIC SPEED, N, 


To study any or all types of centrifugal pumps, 
whereby a small pump becomes a model for a larger 
pump, or the larger one is homologous tothe smaller, 
a most useful type coefficient must be introduced in 
this place, the Specific Speed. It is definitely a type 
index ora numerical classification (not dimensionless) 
of impellers based entirely on their test performance 
and geometrical proportions regardless of their actual 
size or the speed at which they operate. 


Definition: Specific speed is the speed in rpm at 
which an impeller would operate, if reduced propor- 
tionately in size so that it will deliver a rated capacity 
of 1.0 GPM against a total Head of 1.0 feet. It is 
designated by symbol N, and is determined by the 
formula 


N, =n VQ 
H3/4 
Wheren = revolutions per minute 
Q = capacity or discharge in gallons pe1 
minute 


H = Head in feet 
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H3/4 = is found oe 


Vil 


3 
OR J VH t Require only one motion of 
J _ slide rule cursor (glass) 


Attention is invited new to Figures 1 through 6 to 


note the specific speed range or type index indicated 
for each impeller type as well as plate 2. 


A SECONDARY CLASSIFICATION 


Centrifugal pumps can be classified according to 
specific speed or magnitude of pressure into three 
groups as follows: 


For Given For Given For Given 
Speed and Speedand Capacity 
Capacity Pressure and Head 


1. LowN, High Pres- Low Capa- Low Speed 


sure city 
2. Medium N, Medium Medium Medium 
Pressure capacity Speed 
3. High N, Low Pres- HighCapa- High Speed 
sure city 


1. Low Pressure.....2’ to 60’ propeller and mixed flow. 
2. Medium Pressure...60’ to 200’ radial and Francis 


type 
3. High Pressure.....200’ and above, radial or partial 
Francis type. 
THEORY 


The centrifugal pump as the name implies depends 
largely on the action of centrifugal force imparted on 
the water by the rotating blades or vanes of the im- 
peller for the development of the head pumped 
against. It is truly a “‘velocity”’ pump. 


We know from physics that the velocity of a falling 
body (water in this case) rather than the solid, if not 
impeded by some resistance, is accelerated to a value 


of: 


V=gxt where g=acceleration of gravity= 
32.2 ft./sec.* 
t= =. t=time interval of motion 
x in secs. 


and the actual distance (S) or (hb) through which the 
liquid falls with uniform acceleration caused by 
gravity is: 

S=} g t?=h 


Substituting t= V/g in the above equation, We have 





- \Q " 
he} g (= ) on or V=1/2gh (1) 


Where V= absolute velocity in ft./sec. 
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h= head or total available pressure in feet of 
water. 


It is manifest that velocity is a function of the 
head (or pressure) or in other words, the higher the 


_ head the higher the velocity. 


2 (Velocity head or 
From the above where h= —>— kinetic energy in 
“8 fts lbs. per lb. of 

liquid pumped) 


This is identical with equation...(1) and shows that 
pressure head can be transformed into velocity bead 
and volocity head can be transformed into pressure 
head. Losses in head are always involved. 


We must recognize that the velocities in high 
pressure (low specific speed) pumps reach enormously 
high mangnitudes and this fact results in high fric- 
tion losses. Unfortunately, in hydraulics it is always 
more difficult to transform velocity energy into pres- 
sure energy such as in a venturi, than it is pressure 
energy into velocity energy as in a nozzle. 


While the above figures provide some concept as to 
what the hydraulic machine is trying to do, perhaps 
the comparison of two pumps of indentica! capacity 
but with a requirement of difterence in head will 
help you visualize velocities created within pumps 
of various conditions 


Pump No. 1—45,000 GPM @215’ head—Average 
Velocity in volute =47 fps. 
Pump No. 2—45,000 GPM @ 45’ head—Average 
Velocity in volute=22 fps. 


SUCTION LIFT AND SUCTION HEAD 


In the design of pumps the designer must give due 
considetation to the atmospheric pressure under 
which it must operate. A pump not only delivers its 
discharge against a pressure but it also may be re- 
quired ta draw its supply from a suction bay or 
well. [The pump may also be required to handle 
water at much higher thar ambient temperatures or 
at elevations much higher than sea level. In either 
case, the impeller inlet is made tosecure the necessary 
capacity. We must keep in'mind that there are two 
possible operating conditions for the intake. 


1. Suction lift (vacuum) 


2. Suction head (pressure) 


Both cases have a direct effect upon the general 
performance of a pump and must be clearly analyzed 
before a design and installation is made. The suction 
lift especially must be kept within certain limits to 
prevent creation of vapor in the suction passage and 
eye of impeller and subsequent cavitation. 


The specific speed of a pump and the head at which 
it must operate is an index to the allowable or safe 
suction condition (head or suction lift) at which it 
will operate without undue cavitation. 
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Cavitation:— An operating condition all designers and 
water works operators desire to eliminate is what has 
come to be known as cavitation. Caivitation occurs 
in flowing fluids, but in particular in flowing liquids. 
It consists of two separate and distinct phenomena, 
First the formation of vapor bubbles caused by a 
localized reduction in pressure below the boiling point 
of the liquid pumped and Second the collapse of the 
vapor bubbles as the pressure increases again. It is 
the second stage of the phenomena, the collapse of the 
bubbles, that causes the vibration and ultimate des- 
truction of the impeller. It is definitely an unstable 
condition and should be avoided whenever possible. 


Unfortunately, in centrifugals, the low pressures 
are caused by a combination of low gauge pressures 
and high velocities. The formation of the bubbles 
usually occurs near the impeller inlet and the down- 
stream point at which they collapse depends on how 
far below the vapor pressure the local condition 
becomes. Movies of the Fairbanks-Morse pump test 
on one-half of a split case pump having a glass side, 
show that as the pressure in the pump becomes lower, 
the bubble lengthens and its collapse approaches the 
periphery of the impeller. As the pressure becomes low 
enough, the bubble will collapse outside the impeller 
in the discharge volute. It is evident that unequal 
distribution of velocities in the impeller passages 
also promotes cavitation, This condition always 
occurs at off peak capacities and often at the design 

oint. Therefore, we conclude, the condition (capacity 
and head) at which cavitation begins cannot be pre- 
dicted from the physical dimensions of the water 

assage. It must be determined empirically. Avoidance 
of high suction lift is paramount to successful pump 
operation. Our pumps are all tested at 15 foot 
suction lift which meets most water work specifica- 
tions. The Hydraulic Institute recommends the maxi- 
mum safe suction lift at various Specific Speeds for 
different impeller inlet types at the design point of 
impeller. It is based on the experience of the Institute 
membership. In event efficiency can be sacrificed, 
special large inlet impellers are designed for suction 
lifts higher than the Institute charts. This is ccmmon 
practice for hot water service in preference to lower- 
ing the pump to obtain the required head. 


In general on a steep head-discharge characteristic 
for propeller pumps where change in discharge is 
small throughout the operating range, destructive 
cavitation usually occurs at maximum head condi- 
tion. Just the opposite is true forimpeller type pumps. 
where cavitation occurs at the right end of the rela- 
tively flat characteristic head-discharge curve. 


The pumpsin between the low specific speed centri- 
fugal and propeller pumps (the mixed flow) have a 
capacity range that is sensitive to suction lift near 
shut-off as well as at maximum capacities. On hori- 
zontal propeller pumps where the static lift is usually 
8-12 feet, the pump may be quiet but is cavitating. 
The cavitation causes reduction in efficiency, but it 
it not destructive. I am showing you a sample of 
destructive effect of cavitation. It can berepaired by 
brazing, rebalanced and put back into service again. 
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As a summary on effects of cavitation in pump 
operation, there exists a tendency to operate low head, 
high capicity or high specific speed pumps close to 
the critical cavitating condition. Unfortunately, this 
is primarily due to economic consideration at the plant 
site. 


DEEP WELL TURBINES 


The deep well turbine pump and its allied verti- 
cal low lift pumps are essentially specialized adapta- 
tions of the conventional centrifugal type of pump. 
As in all centrifugals, the pressure-head against 
which the pump will operate depends on the diameter 
of the impeller and the speed at which it is rotated. 
In the deep well turbine pump the impellers are of 
limited diameter, hence the impeller is limited to the 
magnitude of head it will develop. By assembling a 
number of impellers with their surrounding cases 
(called stagesin a series as multi-stage pumpthere is 
produced a pressure head which isin direct proportion 
to the number of stages. For example, if a single 
stage turbine pump will lift 500 gpm 40 feet @ a 
given rpm, ten stages of the same size will lift 500 gpm 
to a height (or head) of 400 feet. 


In this turbine pumping section, the first impeller 
discharges into its case or “bowl” where the guide 
vanes and channels convert the velocity head into 
pressure head and then conduct the water under this 
increased pressure into the next impeller above. The 
next impeller adds to the water an identical quantity 
of energy, and in turn delivers it to the next impeller 
above, and so on. Identical quantity of water will be 
passing from stage to stage with each stage imparting 
an equal magnitude of pressure-head to it. 


Performance characteristics depend upon design 
and construction. Because the pump is usually in- 
stalled in a relatively small bore wall, it is obvious 
that in order to pump at its best performance for a 
certain range of capacity and discharge, the impellec 
must be designed accordingly. This means maximum 
quantity of water at greatest head with least horse- 
power. , ; 


Most turbine pump manufacturers now have a 
fully standardized line of turbine pump bowls and im- 
pellers which can be shipped from stock. These are 
standardized tested, and proven to fit almost every 
ordinary. condition. 


Deep well turbine pumps are usually designated by 
size; for example, 4”, 6’, 8” and 10” meaning the 
smallest actual inside diameter of well into which the 
pump can be installed. In order to allow for proper 
well clearance ; the bowl or pump case O. D. is actually 
smaller than the nominal well bit and will range from 
3-5/8” O.D. on 4" size pump to 23” O.D. on 24” 
siz2. Clearance is graduated according to size. 


Pump impellers are designed also acording to re- 
lative capacity fora given diameter; forexample, low, 
medium and high capacity. Hence a 12” low capacity 
is designated as 12” LC. A 12” medium capacity 
pump as 12” MC. An extra low or low capacity pump 
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requiresan impeller having relatively narrow passages 
and a large ratio between the inner diameter of the 
suction circle and the outer diameter would have 
inherently difterent characterstics; as compared with 
the high capacity pump having relatively wide 
radial channels and small ratio between the inlet 
circle and its outside diameter. 


Usually a turbine pump is required to operate 
against conditions of varying beads, especially in 
deep well work where the water levels may vary con- 
siderably. In this case the downward sloping curve, 
or “steep characteristic’, is most desirable. The 
horsepower will not vary to a great extent and it 
may be designed so that the maximum horsepowe1 
will be at the point of best performance of the pump. 
This is called a “non-ovetloading” characteristic. 
It is of great significance for diesel engine or gear head 
drives. 


TURBINE SPECIFIC SPEEDS 


Centrifugal Deep Well Pumps 
Mixflow Deep Well Pumps 
Niagara Mixflow (Figure 6360) 
Nigara Propeller (Figure 6310) 
Angle Flow Pump 4000 to 6000 
Propeller or Screw 10000 — 15000 
Axial Flow Pump 16000 


Up to 4000 
Up to 4500 
4000 to 9000 
9060 to 13C00 


Regardless of speed, the “peak” performance is 
usually about 60% of the shut-off head. The pump 
efficiencies vary between 70 and 90% depending on 
size, capacity and operating speed. For any particular 
head there is always a range of capacity for each speed 
ispecific speed) that will cause lowest loss or given 
best efficiencies ina given pump. Proper selection is 
paramount. 


Because the casing diameter limitation favours 
the axial impeller and column discharge, optimum 
efficiencies occur at mixed flow specific speeds up to 
8000. However, at specific speeds over 4500, the BHP 
continues to increaseasshut-off is approached from 
the design point. Normally, a mixed flow pump is 
never operated at shut off so that the size of the driver 
can be matched with the maximum operating head. 


Besides selecting an efficient pump for the job, it 
is necessary to limit friction head added by the pump 
column or reduction pipe, oil tubing or shafting in 
case of a water lubricated pump. A compromise 
has to exist between cost of larger column and saving 
in horsepower, Saving of one horsepower per year at 
2 per kilowatt hour is about $131.00 pe1 year. 


TYPES 


Fairbanks, Morse & Co. manufacture both oil and 
water lubricated deep well turbine pumps. The water 
lubricated pump uses open-line_ shafting which is 
exposed to the water being pumped through the re- 
duction column and shaft is supported by cutless 
rubber bearings. Thebearingsin the pump bowl are 
rubber also and are lubricated by the water being 
pumped. 
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The oil lubricated pump makes use of lineshafting 
which is encased in a cover tube permitting the use of 
metal bearings and oil asthe lubricant. The top bowl 
bearing is also lubricated by oil as it acts as a term- 
minus for the oil tube. The bottom bowl bearing is 
grease packed and the intermediate bowl bearings 
are op2n and exposed only to the water being pumped 
because the problem of applying individual oil 
lubrication to these bearings is extremely complex 
and costly. 


It might app2ar that the more complicated construc- 
tion necessary on the oil lubricated pump would make 
it the most costly tobuild. This is offset by the special 
materials and processing necessary to provide good 
non corrosive bearing surfaces which will not injure the 
rubber bearings, by the bearing retainer assemblies 
at each column joint, and by the special threads 
necessary to make up the column joints. Piejudices 
often affect the specifying of one type or the other. 
Many thousands of both types are in successful 
operation and both have their place in industry. 


COMPARISON OF O1L AND WATER LUBRICATED 
Pump REQUIREMENTS AS TO RigHtT ANGLE 
GEAR DRIVES AND BELTED TyPrE HeEApD 


Figure 6920 Enclosed Line 
Shaft Oil Libricated 


Figure 6970 Open Line 
Shaft Water Lubricated 


» Right Angle Gear Drives 


(a) Purchased by Branch from — same 


FM, Stuttgart, Ark. 
(b) Requires adapter plate as 


Fits 6920 Std. 


it fits 6920 heads. Redesign- head 
edto V. H.S. Standard & 
& fit H6 Std. 
(c) Must have adequate thrust — Same 
capacity. 
(d) Must have non-reverse — Does not require 
ratchet nonreverse rat- 
chet. 
(e) Must be selected by power — same 


required, gear ratio, and cor- 
rect direction of rotation of 
driver shaft. 


Belted Type Head 
Purebased from 


Pomona to fit 
6920 heads. 


(a) Parchased from Pomona, 
Calif. to fit HG heads. 


(b) Selected by power, thrust 
and pulley size. 


same. 


(c) Pulley is replaceable in field — Pulley cast inte- 


as it is bolted to the pulley grally with pulley 
hub. hub andis not re- 
movable. 


(d) Same as for geer drive. Need — Same as for gear 
ratchet, drive. Need “no 
ratchet. 
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PRIME MOVERS 


Probably the simplest, least expensive and most 
useful prime mover ever devised is the three phase 
squirrel cage induction motor. The vertical hollow 
shaft adaptation of this motor was developed for the 
deep wellturbine industry. Mechanically it consists of 
the rotor or rotating element, which is mounted in a 
stationary housing which also supports the nece- 
sary thrust bearing, non-reverse ratchet (if such is 
required), radial bearing, lubricating system and 
mounting stand for connection to the motor pedestal 
on the pump head. 


Other electric drives are: 


2. Single-phase induction motor—Capacitor start, 
Induction run. 


3. Single phase induction motor—Repulsion start, 
Induction run. 


4. Wound rotor induction motor. 
5. Synchronous motor. 


It is possible to mount steam turbines vertically on 
the pump head. Vertical solid shaft electric motors, 
gasoline, diesel and natural gas engines and in rare 
instance specially built vertical internal comubus- 
tion engines operate through the medium of a flexible 
coupling assembly which. contains in addition to the 
flexible coupling a thrust bearing assembly and a 
means for adjusting the impeller clearance. Horizon- 
tal power units of all types apply their energy through 
the medium of belt and chain drives or right angle 
gear drives. Pulleyratios and gear driveratios should 
be selected to make the pump operate as near the 
published conventional speeds as possible. If it is not 
possible, then performance corrections must be 
made. 


Installation: The successful performance of a pump- 
ing unit depends primarily upon a good installation. 
No matterhow well any pumping unitis designed and 
manufactured, poor installation will preclude render- 
ing of satisfactory service. Printed instructions in- 
cluding procedure to be followed should be followed 
caretully. The Standards of the Hydraulic Institute 
as well as several operators’ handbooks devote large 
sections to proper installation. Yet our letters of 
complaint indicate that instruction are often 
ignored. 


Location: Pump should be installed as close to the 
water as practicable and preferably below the water 
level. The unit should be protected against flood and 
a motor-driven unit should be installed in a dry place. 
Provide adequate room for dismantling pump and 
inspection of its parts. Where considerable we ght is 
involved on large pumps, head room must be made 
available for use of cranes or chain-blocks. 


Foundation: This must be sufficiently substantial to 
absorb any vibration and provide rigid support forthe 
bedplate. Concrete is the most satisfactory founda- 
tion. Bolts of the correct size should be located 
accurately and imbedded in the concrete through 
sleeves to permit some freedom of setting. 











— 
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7. Discharge head too high, see item 5 above. 


8. Air pockets in suction line, see discussion on 
piping. 

9. Incorrect rotation, see item 1 above. 

10. Mechanical defects, wearing rings are worn, 
imp2ller damaged from erosion, sleeves and 
picking worn. Inspect pump periodically and 
replace worn or defective parts. 


11. Impeller diameter too small, check rating chart 
against total dynamic head on pump. 


PREVENTIVE MAINTENANCE 


Maintenance can for convenience be divided into 
two categories. One kindof maintenance is the repair 
of equipment which is broken down or not properly 
functioning. The other kind of maintenance is the 
“fix it before it breaks” or preventive type mainten- 
ance, which miintenance is designed to eliminate or 
minimize the necessity for break down maintenance. 
Your attention is directed to this discussion of pre- 
ventive maintenance, or ‘‘fix it before it breaks’, 
“‘a stitch in time saves nine”, type of maintenance, as 
contrasted with break-down maintenance. 


The value of eliminating or nearly eliminating the 
necessity for breakdown maintenance in public water 
utility is readily appreciated. Unless there isan over 
abundant amount of standby equipment installed, 
a water plartt cannot let its major pieces of machi- 
nery run until they fail, then repair them. Equip- 
ment has the uncanny habit of breaking down just 
when it is needed most, or when it is most difficult 
to repair. Any program which will generally insure 
that equipment will continue to operate efficiently for 
a fairly definite future period is worth a great deal. 
Continuity of supply or disposal is one of the primary 
requisites of a pumping system. It is for this reason 
that we are to devote some attention to a preventive 
mvinterance discussion, as the ptimary perpose of 
vreventive maintenance is to prevent equipment 
outages and muintain original efficiencies and servi- 
cability over the useful life of the equipment. 


Preventive maintenance can alsobe termed “plan- 
ned miintenance’’, or “scheduled maintenance.” It 
is maintenance and careaccording to a pre-arranged 
plan and schedule, in order to keep service equip- 
ment and facilities in continuously proper operating 
conditions and repair. 


BASIC PREVENTIVE MAINTENANCE 


Preventive Maintenance in the water works consists 
of routine examinations, diagnosis and treatments. 
It consists of the following basic care operations 
applied to water works equipment and facilities. 


First: Pceventive Maintenance meansthe detection 
ani correction of any unusual sound or change in 
app2arance of equipment. For example, a knock in a 
gasoline motor, chattering in a centrifugal pump, 
thumping in an air compresser, or a squeak on a 
chemical feeder are often early signals of mechanical 
failure. Similarly, a wobbly “V” belt sheave, a chain 
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drive riding high on the sprocket teeth, or gears not 
fully mesbing are also indications of incipient mechani- 
cal failure requiring immediate attention. Obviosuly, 
the water works operator should correct or report 
any such changes that he notices. On occasion, the 
mere critical eye or ear of a competent mechanic is 
required to detect operating irregularities which 
an operator will miss. When corrected, preventive 
maintenance has been practiced. 


Second: Preventive Maintenance is keepirg equip- 
ment clean. Moisture, dirt, dust, cobwebs, bugs, oil 
in the wrong places are definjtelyenemies of mechani- 
cal and electrical equipment. Bird nests in out-door 
switching gear and motors, bugs in lubricating oil 
and dust in motors may cause failures that would be 
prevented when equipment is kept clean. 


A vacuum type cleaner and acompressed air line 
for blowing out equipment are almost “musts” in 
keeping equipment clean. Then too, if equipment is 
to be kept clean, the surroundings must similarly be 
kept clean. Mopping of the floors, removal of debris 
from buildings, cleaning of cobwebs from coilings, 
elimination of oil drips, or general “‘good housekeep- 
ing’’, is an important part of keeping equipment clean 
in preventive maintenance. 


Third: Preventive Maintenance means that equip- 
ment must be protected against external or envirc- 
mental conditions which cause genera] deterioraticn- 
or disintegration. For example, open motors should 
not be used inextreme dusty atmospheres, machinery 
requiring the dissipation of generated heat should 
not be installed where proper cooling cannot be 
applied. Equipment which would be harmed by water 
should not belocated near potentiallyleaking pipes, 
tanksand fixtures. Thus, the operator orthe mechanic 
concerned with preventive maintenance must be able 
to recognize conditions externa! to the equiyment 
that would cause itsdeterioration,such as improperly 
placed lockers cutting off ventilation or an incorrect 
use of a water hose around motors, or the use of an 
air hammer or paint spray near open bearings or 
motors. 


Fourth: Preventive Maintenance is keeping equip- 
ment in a state of “good order”. For example, 
metal subject to corrosion must be kept painted or 
covered with a protective coyering, loose nuts ard 
bolts should be tightened, leaning power poles should 
be straightened, sagging guy wires should be put in 
proper tension, leaking roofs should be repaired even 
though it isn’t raining. Those too are “musts” in pre- 
ventive maintenance. 


Fifth: Preventive Maintenance means the correction 
of conditions which cause heat in excess of that for 
which the equipment was designed. Excessive heat 
may be theresult ofanynumber of incipient mechani- 
calfailures,from improper lubrication or improper fit, 
to overload. In many cases, “excessive heat” must 
be defined from manufacturer’s recommendations 
or other experience records. Thermometers or sur- 
face pyrometers often must be used. Two different. 
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operators may not have the same touch sensitivity, 
ortwo diffzrent bearings may have decidedly different 
heat tolerances. 


Sixth: Preventive Maintenance means the elimi- 
nation of excessive vibration, Vibration, or vibration 
tolerances, must in some cases be defined and a 
vibration motor used to determine the magnitude. 
A 10 mil vibration* for some equipment is excessive 
and for another kind of equipment is well within 
safe limits. Preventive maintenance requires an 
understanding of “what is vibration’. 


Vibration may be caused by misalignment, out- 
of-balance, loose nuts and bolts, structural breaks. 
When vibration does occur, all contributing causes 
must be carefully checked. 


Maintenance of both static and dynamic balances** 
of such rotating parts as pump impellers and motor 
rotors is especially important in the prevention of 
vibration. Some phases of preventive maintenance 
require routine dynamic balance checks in addition to 
static balance checks. This is specially true in pumps 
with overhanging solids handling impellers which are 
apt to become partially plugged. 


Seventh: Preventive Maintenance is the periodic 
testing for proper operation. Mechanical trouble is 
often discovered by a testing procedure which shows 
the equipment to be incapable of full capacity per- 
formance, operating inefficiently, or which shows the 
equipment to be operating under conditions for which 
it was not designed. 


Such testing procedures may be relatively simple 
but nevertheless important in preventing operation a 
failures. A chlorinator or a gasoline engine may be 
apparently operating satisfactorily at one-fourth 
capacity rating but trouble is discovered when given a 
full capacity operating test. A pump efficiency test 
which may merely require the reading of existing 
motors and the calculation of efficiency, might indi- 
cate worn parts, a collapsed suction strainer, a sticking 
check valve. 


Other tests might require more time and trouble, 
but also are properly a part of any preventive main- 
tence program. A drop test on a filter or a basin to 
determine proper motor registration or a line slaker 
heat balance test mighf be a clase in point. 


Eighth: Preventive Maintenance isthe proper lubri- 
catio n of equipment, which means the proper lubri- 
eant,properlyappliedat properintervals. Thedangers 
of over-lubrication are as important as under-lubrica- 
tion. 


Effective preventive maintenance requires a care- 
fully worked out lubrication plan. As an example, 
different pressure grease fittings could be used for each 





* R.. Kent—Kent’s Mechanical Engineers’ Handbook III— 
1936—P 16-04 

** R.T. Rent—Rent’s Mechanical Engineers’ Handbook II— 
1945—P 8-38 
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different lubrication grease to prevent misapplication 
of grease lubricants. Or a color and symbol scheme 
might be used to mark both the points of lubrication 
and the container or grease guns storing the lubricant. 
The misapplication of lubricants is a common occure- 
ence and must be preverted. 


Ninth: Preventive Maintenance is the pericdic check 
for wear and repair or replacement before it beccmes 
excessive. Such inspections often require the com- 
plete disassembling and reassembling of the equip- 
ment. 


Centrifugal pump, forexample, may be given anan- 
nual overhaul, based upon hours of service. in which 
bearings and ring clearances are restored, sleeves are 
rebuilt, casings are painted, impellers are balanced 
when necessary. This should result in continued 
pumping service without breakdowns or loss in 
efficiency. Chemical feeds, motors, rate-cf-flow 
controllers, should be similarly over-hauled on a 
periodic basis in order to discover worn parts and to 
prevent breakdowns. 


The above nine pointsare basic care operations in 
preventive maintenance. Both the Dcctcr ard the 
Engineer first give their patients a thorough physical 
examination. Then the Doctor measures heart beat, 
and the Engineer measures water, oi! ard gass 
pressures. Both the Doctor and the Engineer 
measuretemperatures and misalignments. The Doc- 
tor makes his basic metablolism test and the Engi- 
neer his fuel or power consumed test. The Doctor 
tests for valve action on the electro-catdicgiaph 
and the Engineer makes indicator cards. The ccmpari- 
son can be expanded, but in one respect the Engineer 
hasadecidedadvantage over the Doctor—he can easily 
take his patients apart to inspect and correct for 
internal wear. 


Somewhere in this discussion, your attenticn shculd 
also he directed toa rather obvious fact. The practice 
of preventive maintenance requires that the necessary 
tools and skills are available. Yet many plants.do not 
possess even such simple tools as feeler gauges, micro- 
metors, thermometers, adequate wrench sets, gcod 
paint brushes, etc. In large plants, presses, electric 
and gas welding and cutting outfits, metalizing equip- 
ment, sand blast equipment, tong ammeters, reccrd- 
ing ammeters, volt motors, thermometers and pressure 
gauges, indicators, techmeters, and similar testing 
and maintenance tools may be needed. When plant 
personnel does not include men with necessary skills, 
or where costly items of equipmentare not used often 
enough to warrant the investment necesse ry to cbtain 
them, arrangements should be made for hir'rg necer- 
sary specialists, and renting the necestzry equip 
ment and tools. 


As indicated in the opening paragraphs, Preventive 
Maintenance consisting ofthese basic care operations 
must be done regularly according toa pre-arranged 
schedule. This means that such work as lubrications, 
clean-ups, and inspections must be doneroutinely and 
must not be subject to ajhit.and miss system, such as: 
to be done as the operator has time in between his 
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other duties. The same attention and importance 
must be attached to preventive maintenance as is 
given to washing of filters, adding of coagulants to 
the water, orstartirg and stopping of pumps. Unless 
preventive maintenance is regarded as an essential 
operational procedure, it cannot be effective. 


Permit me a few illustrations. If experience indi- 
catesit is desirable to blow out anelectric motorona 
chemical conveyor at least once each week, then this 
clean-up operation must be performed routinely, 
without miss, ona weekly basisif the performance life 

of the motor is to be preserved. To miss one week is 
to invite a second miss, and a third, unless—and who 
can te!l how long a dirty motor will operate. 


Or, perbaps, it has been found that a chemical 
solution tanks should be drained and the lining care- 
fully insp2cted for flaws and pits every six months. 
The results of having overlooked such an inspection, 
because the operator was very busy, may or may not 
be tank failure. However, there is no reasonable as- 
surance that the tank will remain sound during the 
peak pumping p2riod unless inspections are made 
routinely and ou time. 


Again, let us assume that a manufacturer has 
recommended the lubrication of a bearing every six 
months. Experience has confirmed the reasonableness 
of this recommendation. Good judgment dictates 
that this lubtieation be scheduled routinely as recom- 
mended, and not just when the operator happens to 
remember to do it. Anything short of this might 
invite an unscheduled bearing failure. 


To say that unless the utility religously follows a 
scheduled maintenance program, breakdowns and 
interruptions in service are inevitable, may be stretch- 
ing the truth. But, on the other hand, it can be said 
without reservation, that unless preventive mainte- 
nance is scheduled and routinely performed on time, 
there is no assurance that such break-down will not 
occur. 


This brings us to our next consideration. Scheduled 
preventive maintenance must be resolved into a 
written program. That is, preventive maintenance 
planning and. calendaring is only effectively carried 
out when it becomes a written redord and program. 
It is extremely unwise to keep the answers to such 
questions as—when should the oil in the circuit brea- 
ker again be sampled and sent out for test; what pre- 
ventive maintenance is required for No. 1 Chemical 
Fe2der; what kind of lubricant is reeommended for 
that thrust bearing on scraps of paper or in the me- 
mories of the superintendent or plant operator 
Such practice would be comparable to retaining the 
locations of valves and mains in the distribution sys- 
tem in the minds of one or two old timers in the dis- 
tribution department. Instead, a carefully written 
system of records and maintenance schedules -are 
necessary. 


Preventive Maintenance operations are too nume- 
rous evenin the smal] water utility to depend upon 
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the operators’ or superintendents’ memories as to 
whenand how they are to be done. Awritien scheduleis 
necessary to show when preventive maintenance is to 
be done, how it is to be performed, who is to perform 
it, when it was last performed, and the condition of 
equipment as of the previous inspection. Then too, 
the thoroughness ot preventive maintenance planning 
is probably not fully known until it is charted on paper. 
As a Professor of English, often told hisclasses, you 
are not certain of the extent of your knowledge re- 
garding a subject until you attempt to express it in 
language. 

Up to this point, an attempt has been to show that 
the purpose of preventive maintenance is to prevent 
interruptions or the curtailing of utility service. 
Then preventive maintenance was described as hav- 
ing some similarity to preventive medicine, and that it 
consists of several basic care procedures. Next, it 
was poirted out that effective preventive maintenance 
must be planned and scheduled, and that such plan- 
ing must be written (i.e., charted) before it can effec- 
tively be put into practice. 


This practice ot preventive maintenance calls for 
setting up certainrecordand report forms,and routines 
for handling them. The particular kind of forms and 
the kind of routines are relatively unimportant, pro- 
viding of course that they properly assist in the prac- 
tice of preventive maintenance. Readers of such 
magazines as McGraw-Hill’s “Factory Management”’ 
are aware of the number of articles which have been 
published showing the forms and routines in use in 
variousindustries. Collectively, these articles indicate 
that there are several types of preventive mainten- 
ancerecord formsand routines in use in industry, each 
adapted to a particular company’s needs. Similarly, 
in a public utility preventive maintenance record 
forms must be adapted to the utility’s need. 


Even though the preventive maintenance record 
and procedure system for public water utility need not 
follow a standard pattern, they should at least have 
the following general characteristics: 


(1) The record system and detail should not be 
cumbersome and burdensome—that is, the detail 
and clerical work required by record forms should 
consume a minimum of time. Obviously, theimportant 
consideration is the preventive maintenance to 
be done and not therecord system. It would be possi- 
ble but unwise, to devise a record system that could 
easilyre quire moretime than the preventive mainte- 
nance which it represents. 


(2) The records and forms should list the planned 
preventive maintenance operations for equipment; 
such as, the necessary inspections, lubrications and 
replacements, on a definite pericdicbasis. This, 
obviously, is the primary function of the record Sys- 
tem. Thatis, through the use ofthe preventive main- 
tenance records, the Superintendent or operator of 
the utility shouldreadily beable totell‘what preven- 
tive maintenance is scheduled”, ‘‘at whatintervals itis 
scheduled”, and “when it is to be done”, for any 
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equipment. For example, the records should show 
p2rhaps that the filter rate of flow gauges should be 
checked by filter drop test four (4) times each year, 


during thefirst week of January, April, July and Octo- 
ber. 


(3) Any portion ot the record system should be 
adaptable to easy evisiou often and whenever such 
revision is desirable, in order to keep the recordsys- 
tem continuously up-to date. The amount and kind of 
preventive maintenance, its frequency, for any e quip- 
ment, often requires revision whenever experience or 
changes in operating conditions dictate that such 
changes are desirable. The kind and amount of pre- 
ventive maintenance required by equipment is never 
astaticthing. First judgment as to the kind of preven- 
tive maintenance required are often wrong. Then 
as equipment grows older or operating conditions 
change, the frequency for making certain inspections 
should be increased or decreased. It is essential that 
these changes can be easily indicated in the records 


without making other portionsoftherecords obsolete. 
Revisions to arecord system are often most easily 


made when the record system is of the loose leaf or 
catalogue file type. 


(4) The record system should also be a histroical 
record of the physical conditicn ofthe equiymert. A 
continuous periodic study ofinspection reports will 
often indicate such things as rate of obsolescence of 
equipment, rate of wear and other conditions which 
are causing equipment destruction. With scme equip- 
ment, unless comparisons with previous inspections 
are made, much of the value of preventive main- 
tenance inspection are lost. 


These are perhaps the general essentials of a pre- 
ventive maintenancerecord system. The reccrd sys- 
tem could also properly bedesigned to be a part of cost 
accounting, stores records, or workassignment forms. 
Obviously, the record system must be designed to 


fit the needs and the available personnel in the 
utility. 


——————— 
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Pump Input 





List of Symbols: 


C = gH, 

d = Inlet dia. ofimpeller 

d, = Oatp.t dia. of impeller 

H, = Input head bi32d on outlet whirl (effe- 
tive value) 

H, = Subtractive term in input head based on 
inlet whirl (effective value) 

K = Short circuit leakage coefficient = = 

Q 
K’ ro Perr : 
= ~ where gis gravitational aceleration 

., = dise friction plus stuffing box and jour- 
nal frictior loss 

P, = Pump input 

P, = Pump input at designed point 

P,, ma, = Max. pump input 

Q = Rate ofout-flow from the pump 

Q = Theflowfrom pumpat designed points 

Q, = Q}Short-circuit-leakage 

Q; mae = Quantity at which max pump input occurs. 

Vi; = Velocity of flow at outlet at design point 

Vwer = Effective outlet whirl 

Vwe = Effective inlet whirl 

V, = Outlet peripheral velocity of impeller 

V = [nilst p3ripberal velocity of impeller 

® = Effective outlet angle of vanes. 


OY 


The design of Centrifugal pumps can be as simple or 
a3 diffizalt asthe standard of performance aimed at. 
Anong3t the requirements which reduce the. dis- 
crepincy between theory and practice and bring the 
p2rformance of pump under control, the main ones 
are: 

(a) Effective value of outlet whirl for given impeller 
dim 2nsions, vane curvature and number of vanes. 


(6) Existence, control and computation of inlet 
w iirl(attsctive value) for given parametersas above, 
as wellasforgivenimpzllerand shaft hub diameters. 


(c) Determination of vane curvature and number 
of vanes from all types of impellers. 


(d) Calculation of hydraulic and mechanical losses 
of pump so as to arrive at the output head and effi- 
cienty. ~ 


(e) Calculation of pump input, maximum pump in- 
put and the capacity at which this occurs. 


It is with the last aspect (e) that this paper is 
concerned, although on each of the above I have done 
original work and proved it in practice. In the design 
‘of Centrifugal and Axial flow pumps, it is not only 
necessary to achieve the required range at the 
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required head but also to obtain these with minimum 
pump input so as to attain a high efficiency. It is also 
not sufficient to know the pump input at the design 
point but to so arrange that the maximum input any- 
where throughout the rarge does not much difter 
from the input at the designed point. 1f this condi- 
tion is not attempted an unnecessary power will 
have to be tied up in the driver thus increasing the 
initial outlay ard also reducing the overall efficiency 
as the driver at partial loads is likely to have lesser 
éfficiency. 


Aspects of Pump Input 


Hence it is useful to know the following during the 
design of a pump:— 


(1) The pump input at the design point 

(2) The maximum pump input 

(3) The capacity at which the max. pump input 
would occur. 


The knowledge ofthe above would help toachievea 
minimum possible ‘max. pump input’ by adjusting 
the various pump dimensions. ‘Lhe word ‘possible’ is 
used since the manufacturing and performance 
considerations impose certainlimitations onthe pump 
dimensions. The following analysis has been derived 
and used by me in several designs of varying nature 
and the actual results have proved to conform to 
the esxpected data. 


Maximum Pump Input 


The pump input is made up of the bydraulic input 
ard the mechanical input. The hydraulic input de- 
pends on the capacity being pumped out, the amount 
of short circuit leakage loss and the input head. The 
mechanical input covers (¢) dise friction of impeller 
and (it; stuffing box, journal and any other me- 
chanical] loss. 


Thus P,=Q, (H,—H,)+Po (1) 
where P,=Pump Input i.e. total power 


K= * the leakage coefficient 


H,—H,=Jnput head depending on outlet and 
inlet effective whirls. 


P, = disc friction and mechanical losses 


Expanding: 
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VwerV 9 (v 2_()? 
——- ° ~- ee 2 I Vf, t — ~ 
g +P @) . sie tate 4v, Vf, cot@, 
*, A—B cot =D tan ®, 





Where A=v,?—C 
( Qt 
=K'Q, 1 (v,?—v,Vr, cot ®, v7 —C +P. (3) B=v,Vf, 
- D= Vv I Pana al 
™ 4v, VE, 
where K’ = : .. Atan ®,—B=D tan? ®, 


*. D tan? 6,—A tan $,4+B=C 


H, depending on inlet whirl V,,. having a smaller A " 
value and changiag but little from Qt to max.is con-  .*. tan®, =— tA? —4DE as 














sidered a constant C inorder to simplity the analysis, 2D 
the simplification not distorting the result as is borne _2v v , VE, [(v (v,2—-C)+-/(v, =—C)?—(v,2—C) 76) 
out ip practice. —S I <1 SSA. tos ii 
(v,7—C)? 
_ To Kaow at which Capacity the maximum Pump _ 2v, VE, 
input occurs 2—O w» (10) 
P, may be differentiated with respect to Qt and If C is neglected 
quated to zero. . 
> vf 
al t=K’(v,?—2v, Vf, cot Q:_¢)=0 4 tan ®, = we (11) 
dQ, Q, vv; 
y 
~arv"=0) 5. Vi,eot Oj 
Qtnes =O oF VE, col O, © (12) 
, V 
~Q, v; 2_gh, ) 6 oe V,— Vwey = i 
2v,Vf, cot ®, 
l we Vwe i= om 
Qn= Qtnay 7 2 (13) 
" | If C is not neglected, from (10) 
Where Q,, isthe capacity from pump at which max. sa iia 
pump input occurs. c 
. ware , t &,= ne 
Substituting Qt,,,, in P, a lance 
? v,7—C ) v,7—(v,2—C) —C v C 
| ge : Bel Pe es See ae 
mar =K’ Qt, 2v,Vf, cot ®, ( 2 TPo 2 2Qv 
ry 2 » 8.30 r H 
—K ar (v’-C©)  ~—_ tv,?- ©) a ee 
Qt oy, VE, cot, 2 Pe 2 Qv, 
—K’ (Vv se—C)? L a VV we 
Pe VF, cot, * Pe (8) 2 2, 
Thus equation (S) gives the max. pum input and =e d Vee a (14) 
(6) the capacity at which this occurs. “ 2d, 


To adjust maz input at designed point: i.e. Vf, cot ®, is less than half of outlet peripheral 
To kaow waat relationship must exist between 


velocity by the factor ; om 
V,, Vf, and cot ®, in order to bring about the max. 2d; 


pump input at designed point, Pt,,,.—P, . iV 
. Also v,;—Vwer= i. — Se 
*. K’ Qt(v,?—v,Vf, cot®,—C)+p, ~ 2d, 
*—(C)* * 
== ¢_A . =— 3. we 
saalins + iVf, cot ®, oo eae 


(15) 
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i. e. Vyer is more than half the outlet peripheral 


velocity by the factor _ Vive 


ows 


Ratio of max. input to design point input 


Thus whenever Vf, cot ®, or Vy.are other than the 
values given by )14) and (15), Ptma, will occur at 
oth e. than the designed point Q. 





r%.... —K’ Ara (v,?—C)? 
Pt . Qh, VE cot ®, *Po 





K’ Qt (v:?7—v,VF, cot ®.—C) +p, 
Neazlecting P, since it is small in most of the case, 


Pp, 4. Vf, cot S, (v,—v,VE, cot ®,—C) 





Since C is also smull compired to v,’, neglecting 
it for simplicity, 





v,., _  —_— a 
Pt 4Vi, cot & (v,—VE, cot ®, (16) 
=(Vf, cot B,+Vwe)?/4VE, cot D.. Vive 
_(vf, cot G.+-Vwe)? — ncnticiarcciainaase sinapiiaiat 
~~ cot ®. +Vwe:)?—(VE, cot 9.—V wer)* 
onl 4. (vf, cot ®, 1 Vwer)? | (17) 


AVE, cot D, Vey 


The ratio Pras is inexcess of unity by an amount 


Po 

which varies as the square of difference between Vf, 
cot ®, and Vye,. [fthis difference is small, the square 
will be still smaller and this divided by 4Vf, cot ®,. 
Vwe Would mike this excessover unity negligible. 
Hencethe mix. pump input would differ only slightly 
from the pump input at the designed point when Vy. 
does not differ much from Vf, cot ®, i.¢. 


T 


P V 
When Vy; is somewhat more than —*- 


_ 
T 


p V 
or Vf, cot ®, is somewhat less than —~ 


Bat if for example Vy.,;=? V: 


Vf, cot ®,.=} v, 


67 
Ratio=1 -+(4 v,)? 


4x3; v;? 


=144/3 
=1.33 


_ The graph Fig. 1 gives the power ratio (max. pump 
input to input at the designed point) against Vf, cot 
®, & Vwer expressed as tractions of outlet peripheral 
velocity. 


Design Procedure 


Pump input at designed point depends upon input 
head (H, —H,) and total flow Qttogethe: with the dise 
friction and mechanical losses hike stv ffiirg box ard 
journal friction. Input head is to be such that when 
the hydraulic lossesare deducted from it, the required 
output head is obtained. In other words for a given 
output head there hasto bea certain input head and 
thisis to be prejudged on the assumption of hydraulic 
losses. The parameters v,, Vf,, cot ® are to be so 
chosen that they bear cut the assumptions. 


Hence v, is first selected frcm the consideraticn cf 
shut off head and therefore on the outside diameter 


ofimpz2ller. Vf, cot ®,followsfrom v,—V wer ast! ws 

I 
Vweforgiven Vf, cot ®,, Vf,and cot ®, can bea shuffled 
so asto obtain as wide an outlet width of impeller,and 
as largean outlet angle (efffective angle ®,). But the 
last two requirements are opposed to each other as 
although manufacturing and performance require- 
ments desire this, the given value of Vf, cot ®. makes 
a large Vf, or small outlet width associated with 
smaller cot ®, i.e. large ®,. 


Thus the design of a centrifugal (or Axial yvmp) 
isa highly studied comprcmise between various 
conflicting require ments asit hasto satisfy to a maxi- 
mum possible extent the manufacturing limitations 
ordesideratum on one hand and thedesirablefeatures 
of high efficiency low pump input, and the mainten- 
ance of these qualities over a wide range of head ard 
quantity so as to enlarge the scope of a given pump. 


Procedure for Francis, Mixed flow and Axial flow 
Impellers , 


‘The max. pump input and the flow at which this 
occurs can be calculated at the design stage for each 
streamline (the flow is divided by number of stream 
tubes) and the average P,,,,,, computed. But care must 
be taken that Qt for each stream line is nearly same 
as otherwise the average P»,,, cannot truely repre- 
sent the max. pump input as shown in Fig. 2. This can 
be done by shuffling up the values of v,, Vf,, and ®. 
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Some Studies on 
Air-Entraining Vortices 





in Pump Sumps 





It is gererally recognised and accepted that the 
performance of a pump is greatly affected by the 
design of the sump or suction-well from which water 
is drawn. Instances are reported of rough running 
and overloading of pumps due to faulty sump design. 
The design of the sump assumes added importance 
in the light of modern trerds towards adoption of 
high specific speed centrifugal pumps which are 
susceptible to flow conditions at intake structures. 


Air entrainment occurs thrcvgh vortices which are 
formed due to inadequate submergence of the suction 
pipe below the free surface of water in the sump. 
When the pump delivers an air-water mixture instead 
of water it isobvious that its performance is consider- 
ably affected and delivery lowered. The unstable 
vortices that are formed give rise to unsteady swirl 
flows in the pipe which result in fluctuating loads on 
pump bearings". It would be expensive, indeed,to 
excavate sumps deep enough to ensure safe submer- 
gence. 


Care must be taken to prevent the fcrmaticn of air 
éentraining vortices and swirl in the design of intakes 
to a turbine or pump. The air carried into an intake 
by a vortex may easily amount to 5% of water flow 
which will have disastrous effects on the efficiency of 
hydraulic machinery. Serious drops in pump efficiency 
of hydraulic machinery. Serious drops in pump effici- 
ency may be caused by swirling flow if intakes are 
short, [he basic cause of air-entraining vortices can 
be attributed to the presence of persistent rotaticral 
flow in the body of water approaching the intakes. 


’ The location of the intakes relative to the direction 


and boundaries of the approaching flow decides the 
strength of this rotational flow. The British Hydro- 
m>chanics Research Association, '3 a pioneer in this 
field of study, has made 1/30 scale model studies of 
intake structures of the Ffestiniog pumped-storage 
scheme tofind out the conditionscausing air-entraining 
vortices when the reservoir is drawn down through 
the normal daily range of 65 ft. and has suggested 
various remedies, 


The objects of the investigations reported in this 
paper are to find out the conditions under which 
diff>rent vortices form, the study the effect of different 
sub mergences On pump performance under difterent 
sump conditions and to suggest a simple, economical 
and effactive sump geometry together with an inex- 
pensive flat-finned conical fixture to the suction pipe 
to ensure an effizient pump performance by prevent- 
ing the formation of vortices. 


REVIEW OF EXISTING LITERATURE 


Published information on the exact conditions 
under which the vortices are formed is somewhat 
contradictory. 


By N. 8. LAKSHMANA RAO 


Regarding the cause of vortices, Acdiscn (1£48_ 
mentions that the swirl round corners or cbstructicrs 
may set up vortex-foiming conditions. Stepancfi 
(1948) on the other hand, states thai al] vortices cri- 
ginate in the impeller, which is not true aiways as 
pre-rotation does not travel far upstreem at ncimal 
pump deliveries. Dcmimion Engincer (1948) gives 
little definite informaticn beycrd statirg that “any 
kind of whirl conditions at the inlet to the impeller 
rediuces the capacity of the pump and may cause 
cavitation and noisy operation together with reduc- 
tion ir efficiency.”” Worster (1949) concludes that the 
geometry of the sump, location of the suction pipe 
and bellmouth and Froude number of flcw are the 
controlling factors of vortex formation. These ccn- 
clusions of Worster are in conformity with Binnie’s 
(1948) work on inverse case of a bell-mcuth spillway 
where the mouth points upwards. Waldo (1956) takes 
the factors involved in vortex formatior as either due 
to rotation of the impeller or due to the flow in the 
suction pipe. Ina graphical representation of perip- 

heral speed at the inlet blade edges versus suction pipe 
velocity, he has shown the safe-submergence values 
for given cases. Denny (1952) states that “regarding 
flow in the suction pipe, it was noticed that rotation of 
the waterin the pipe wasrelatedtotheswirlinthe tank 
and seemed unaffected by whether or not a vortex 
existed.” Young (1952) observes that pre-rotaticn cf 
tiow in the suction pipe occurs for all discharges belcw 
normal and that no back flow orswirl is found at high 
deliveries. Iverson (1953) appears neare the truth 
when he states “while thiseftect (pre-rctaticn ci ihe 
fluid entering the suction-bell as aresult of impeller 
action) is undoubtealy present, the major influence 
stems....from the sump design and the flow pattern in 
thesump”. Fraser (1953) attributes vortex fcrmaticn 
tothe intake design which causesa change in the direc- 
tion of flow before the water enters the suction pipe. 
Denny (1955) writes that vortices are caused by rota- 
tion of the mass of water within the sump arising pri- 
marily from entry conditions. Their severity, measur- 
edinterms of the minimum safe submergence to avoid 
air-entrainment was also found to depend largely cn 
the velocity in the suction-inlet; air-entrairment rarely 
occured below a velocity of 2ft/sec., and above 15 or 
20ft/sec., the severity of the vortices did notincrease 
substantially. Denny concludes that although the 
mechanisms of vortex formation and air-entrainment 
are complex, they do show regular and repeatable 
behaviour. Vortices are most severe when the swirl 


~ inthe sump is considerable or when the pipe in located 


at the centre of the swir] but, at the other extreme, 
vortices can still form with imperceptible swirl in 
the sump. The likelihood of vortices is increased by 
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asymmetrical lay-outs and sudder changes in the 
width or direction of the flow channel that cause large 
swirls in the sump. Sometimes the practice of 
constructing the sump to the dimensions demanded 
by the machinery inthe pumphouse leads to sumps 
that are larger than desirable and frequently to 
sudden enlargements of flow channels which are a 
potential source of vortices, 


Regarding the prevention of vortices, Stepanoft 
(1948) claims that a submergence of 5 feet on the suc- 
tion bell edge is sufficient, but with low velocities in 
the inlet (2-3 ft./sec.), a submergence of half a 
diameter is safe. Dominion Engineer (1£48) recom- 
mends that it is often good practice for compact lay- 
outs to use direct connected suction elbows of special 
design to obtain true axial flow in the impeller. 
‘These elbows are somewhat similar to the elbow type 
draft tube of hydraulic turbines, being arranged, 
however, to suitreverse flow direction. The cross 
sections of these elbows provide for a steady increase 
of velocity and areshaped to prevent whirl. Dominion 
Engineer further suggestsa low roof over the sump 
as the best safeguard against whirlpools as it would 
minimise the air space between it and the water sur- 
face. Another remedy would be a shield below the 
water surface of such dimensions that the distance 
would be too long for whirls connecting the water 
surface with the intake. Waltman (1950) suggests that 
the bell-mouth should be submerged to an amount 
equal to three ¢imes the velocity-heed plus one foot. 
Denny (1955) observes that the shape and disposition 
of the suction inlet only slightly affect the vortices, 
but the sump boundaries considerably reduce vortex 
formation when closer than 8 diameters to the suction 
pipe. With the walls very close to the pipe, vortices 
do not occur. Small sumps may thus be more satis- 
factory than spacious ones. 


STUDIES AT THE INDIAN INSTITUTE OF SCIENCE 


Experimental Set-up: 

The set-up (Fig. 1) consisted ofa suctionsump 4 ft. 
by 6 ft. and 10 ft. deep with a vertical suction pipe 
leading to a centrifugal pump driver by a 7.5 H.P. 
motor, havingitsdelivery valve fully open. The flow 
over the notch was measured accurately by using an 
electronic point gauge. The water, after measurement, 
was allowed to flow back into the sump through a 
stilling arrangement. (Fig. 2) 


Tests were carried out starting from a minimum 
value of submergence. Submergence is defined es the 
depth of the lowest point of the suction pipe below the 
general water level inthesump. The submergence was 
increased to various desired values by means of a sec- 
ond pump which was independent of the main set-up. 
The effect of vortex formation on pump discharge 
ualsr different sump cooditions was studied. 


Experimental] results: 

Suction failed at initial values of submergence. 
With the gradual increase in submergence, suction 
started and water commenced to swirl round the 
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suction pipe causing a draw-down around the peri- 
phery ofthe column. This drawdcwn woucd cause a 
momentary drop in the water level ard air wculd be 
sucked in for a fewsecondslcwerirg the delivery heed. 
The reduced delivery into the fllme weuld increcte 
the water level in the stmp and cause a smaller 
draw-down in it. This type of vortex arcurd the 
peripbery of the sucticn coltrrn may be called as 
‘Column Vortex’, 


The effect of Column Vortex was observed tc dee- 
rease with increase in sulmergerce. A vortex would 
now form away frcm the sucticn pipe ard when it is 
drawn towards the suction pipe, air-entrairment 
would occur with considereble noise. This type cf 
vortex may beteimed a ‘Local Vortex’. ‘Ibis occured 
when an eddy reached regicrs cf higher velccity reer 
the suction bell. A close obseivaticn cf the air-ccie 
being sucked in indicated that it was preceded by a 
flow of individual bubbles (Fig. 2). 


To start with, vortex formaticn wculd be elcse1 to 
the pipe, terdirg tc be less stable erd weuld usally 
revolve slowly rcurd the pipe ard‘then disappear; 
by this time another vortex wculd fcim erd the cycle 
of events would repeat itself. With the increase in 
submergence, a Iccal vortex weuld fcim ewey at a 
distance frcm the sucticn pipe with the core lengthen- 
ed to reach the mouth of the suction pipe. ‘he 
local vortex was fcurd to be more stable and predo- 
minant upto a certain critical value of submergence, 
then started decreasirg erd with further ircreese in 
submergence, it completely disappeared. 


For various values of submergence, ree dings were 
noted for critical flow during the formaticn of air- 
entrainirg vortices (Table I) and acurve of discharge 
versus submergence was drawn (Fig. 3). The total 
head was maintained constant in all the experiments. 








Table I 
SI. Submergence Discharge in 
No. in Ft. Cusecs. 
1. 0.22 0.3020 
2. 0.25 0.2067 
3. 0.50 0.4375 
A. 0.32 0.5632 
5. 0.25 0.5837 
6. 0.40 0.5887 
‘- 0.45 0.5867 
8. 0.50 0.5783 
y. 0.55 0.5709 
10. 0.60 0.5660 
a7. 0.65 0.5672 
12. 0.70 0.5790 
13. 0.75 0.5867 
14, 0.80 0.5892 
15. 0.85 0.5892 
16. 0.90 0.5902 
17. 0.95 0.5920 
18. 1.00 0.5945 
19. 1.05 0.5972 
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DISCUSSION OF EXPERIMENTAL RESULTS 


(i) Behaviour of Vortices: — 


As submergence increases a steep r’se in flow can 
be noticed from A to B (Fig. ?). With further increase 
in submergence, the air-entra’1mc1t due to the draw 
dowa around the periphery of the suction pipe is 
reduced as the sa e would be checked by th suction 
pipe walls. 


Besides air en vainment other effects are also 
caused. For instance, as the flow is very unstable, 
the periodic flow produces velocity fluctuations with 
corresponding fluctuations in the impeller thrust. The 
eftect of local vortex is not present at this state of low 
submergence (A to Bin Fig. =)as thedepth and hence 
thestrength of eddiesissmall making the ability tosuch 
air, weak. Alsothe vorter wil! have to suffer a serious 
distortion in bending round the suction pipe. During 
the state from A to RB, therefore, the local vortex ap- 
pears to have no effect. This plus the decrease in 
effsct of column vortex and the unstable conditions 
with insrease in submergence make the cischarge in- 
srease from A to RB. B is the critical point at which 
th 2 2ff2ct of local vortex comes into play. 


Between B and C (Fig. 3), with increasing submer- 
gence,the 2 fect oflocal vortex becomesmorepronun- 
ced,mthe distortion of the local vortex, in bending 
round into the suction pipe isreducedand more and 
more air gets entrained (Fig. 4). Hence the discharge 
decreases with increase of submergence frcm B to C. 


The eftect of local vortex is most predominant at C 
(Fig. 3) and any further increase in submergence 
makes it unstable. Due to this instability of the vor- 
tex, air core will enter the suction intermittently. 
The requency of the vortex just forming and break- 
ing will reduce with increasing submergence. During 
this period the eddiesin the region of suction columns 
become slow-moving and the tendency for vortex 
formation is also reduced. This state from C to D 
(Fig. 3) may be treated as an unstable state for the 
formation ofalocal vortex and itmay be noted that 
with increasing submergence, discharge increases 
from C to D. Beyond D, there is adequate submer- 
gence and hence there is no effect of any vortices. 
The curve follows the normal head- discharge 
relationship beyond D. 


(ii) Conditions for the formation of Vortices:— 

In order to study the various conditions under which 
different vortices would form in a sump, a glass tank 
of 3 ft. x2 ft. x4 ft. deep provided with a beffle and 
stilling arrangement was used. The suction pipe was 
so located in the chamber as to be free from wall 
effects. A closed circuit was laid out with the delivery 
pipe leading backintothe tank (Fig. 5). Fine coloured 
threads tied at various points ona specially prepared 
wire grid work was kept at difterent positions near 
the suction pipe, to get anidea ofthe flow pattern in 
thesumpat varying valuesofsubmergence. A similar 
grid work was kept inside the transparent lucite pipe 
connections made at the suction bell-mouth and near 
the impeller eye. 


Under full discharge conditions, more rotation of 
flow was noticed in the pipe just above the suction bell 
than near the impeller eye, showing thereby that all 
rotation starts lonly from the suction sump. 
Tt was also observed that water just above the 
suction bell onthe upstream side flowea straight into 
the mouth whereas water near the surface flowed past 
the inlet pipe and entered the suction bell frcm the 
downstream side. 


A ‘Column Vortex’ may be formed: 


(a) due toa greater swirl just around the suction 
column the vortex beccming concentric with 
the suction pipe and thedraw downaround the 
p2riphery allowing for air-entrainment: ard 


(b) due to the creation of a free vortex by the in- 
flow into the suction pipe similar to those 
formed while emptying a wash basin or as in 
the Volute siphon. 


A ‘Local Vortex’ is the result of eddies in the sump. 
Any boundary configuration of the sump favourable 
for eddy formation is a sure source of vortex. Sharp 
corners, angular piers, etc., result in irregular velo- 
city distribution and hence give rise to local vortices. 
One unavoidable source of disturbance in the sump 
is the suction pipe itself. : 


Flow past the suction pipe is one of the reasons for 
eddy formation due to wake eftect. This means that 
for a uniform flow ina symmetricalsump, the vortex 
is formed on the downstream side of the suction pipe. 
Sometimes the flow comes back and again flow past 
the suction pipe causing eddy formation on the up- 
stream side. It was interesting to note that more air 
was entrained by a vortex formed on the downstream 
side than by the one formed on the upstream side. 
This incidentally explains why there is a clear reduc- 
tion in vortex formation when the clearance between 
the suction belland the end wall is restricted. 


The vortex formation may be due to an appreciable 
swirl in the sump. In order that this eddy may give 
rise to a local vortex, it should have enough strength 
to make a deep depression. Be sides this, a strong 
downward flow towards the suctior inlet adjacent 
to the eddy is necessary before an air core is set up. 


A vortex, is thus formed by a combination of a 
swirl and a sink and its strength depends upon the 
relative strength of the two. Even though an ap- 
preciable swirl might exist in the pump, no vortices 
may form at all unless there is a downward flow 
towards the suction inlet. In a like manner just the 
existence of a downward flow without any swirl does 
not cause yortex formation. This can be easily de- 
monstrated by pumping out waterfrcma sump with- 
out returning the delivery back into the sump. 


(iii) Effect of Sump Geometry on Safe Submergence:— 


From practical considerations, the above discussion 
on the phenomenon of vortex formation can be ana- 
lysed based on the following factors: 
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(a) Shape of the sump:—This is a factor of much 
importance which decides the flow pattern 
in the sump and hence the whirl conditions. 


(b) Size of the sump:—This is of importance from 
the point of view of economy and the clear- 
ances that can be allowed. 


(c) Size of the Suction pipe:—In the open sump, the 
ediiesandtheirstrength depend uponthe wake 
effect resulting from the flow past the suction 
pipe which in turn depends upon the diameter 
of the suction pipe. 


(d) Location of the Suction pipe:—tLhe location of 
the suction pipe decides the clearances from 
end wall, the side wall and the bottom, which 
the affect vortex formation. 


(iv) Effect of Suction low Charactezistics on safe sub- 
mergence: 


(a) Inlet Velocity:—The strength of the vortices 
depends uponthestrength of the downward flow 
towards the suction inlet in the neighbourhocd 
of the eddy and this downward flow, in turn, is 
dependent upon the inlet velocity. In the case 
of local vortex, a steep rise can be seen in the 
value of safe submergence as the velocity 
changes from 4 ft. sec. to 6 ft. sec. (Fig. 6(a) & 
(b). Inlet velocities less than 3 ft. sec. heve no 
effect on local vortices, 


(b) Velocity of inflow into the Sump:—The strength 
of the swirl in the sump and that of the eddies 
due to the flow past the suction pipe, depends 
upon the velocity of inflow. 


~ 
a 
~~ 


The typ2 of inflow into the sump:—Vortices 
may some times be destroyed due to disturbed 
conditior of inflow into the sump. The safe sub- 
mergence for different types ofinflow conditions 
appears to follow no definite law and its effect 
can best be determined by model studies. 
Although scale models cannot give accurate 
quantitative results, because scale effects are 
not properly understood at present, they do 
indicate ways of improving the designs and 
posible remedies should air-entraining 
vortices occur in practice. 


(v) Suggested methods to prevent vortex formation:-— 


Some of the earlier suggestions by other investiga- 
tors hive already been noted under the review of 
existing literature. Vortex formation canbe prevent- 
ed by restricted clearance between the suction pipe 
and the end wall as we!l as the clearance between the 
suction mouth and the floor of the sump. This, of 
course, is d?p2ndent upon the pump performance, 
which forms the limiting condition. Iversen noted 
that the side wall and end wall clearances in the 
range of D/2to D/4 (D=Dia. of the suction pipe) and 
a bottom clearance of D/2 did not affect the pump 
p2rformine3, Rut even undert hese conditions Vor- 
tex formationan be seen with bad inflow conditions. 
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Vortex formation can also be prevented by provid- 
ing suitable guide vanesin the suction bay to straighten 
out the flow into the suction pipe. A sump made 
out of G. I. sheet similar to the one shown in Fig. 7 
was tried at the Indian Institute of Science, with suc- 
cess. It prevented Vortex formation to a great extent 
even under low submergences. 


A conical cap with flattened fins (Fig. 8) also made 
of G.I. sheet to break up the vortices, was also tried 
with success. This cap can be attached to the suction 
pipe at the water surface. By a float arrangement its 
position can be automatically adjusted for varying 
submergences. Table IT showsthe values of discharge 
for varous submergences with ard without the finned 
cap. The Graph (Fig. 9} clearly shows that there is a 
reduction in the effect ofboth types of vortices by the 
firned cap. As this fixture is very simple and inex- 
pensive to make it should prove to be of great benefit 
to the pump users. 











Table II 
Sl. Submergence Discharge in Cusecs. 
No. in ft. Without With conical Conical cap 
cap. cap (No flat- with  flat- 
tened fins tened fins. 
1 0.22 0.3030 0.3510 0.3627 
2 0.25 0.3067 0.4267 0.4415 
2 0.30 0.4375 0.5412 0.5840 
4 0.35 0.5837 0.5867 0.5972 
5 0.40 0.5887 0.5892 0.5972 
6 0.50 0.5783 0.5867 0.6000 
7 0.55 0.5709 0.5840 0.6000 
8 0.60 0.5660 0.5840 0.6000 
9 0.65 0.5672 0.5840 0.6000 
10 0.70 0.5790 0.5867 0.6025 
1l 0.75 0.5867 0.5902 0.6025 
12 0.80 0.5892 0.5945 0.6025 
13 0.90 0.5902 0.5945 0.6050 
14 1.00 0.5945 0.5945 0.6070 
15 1.05 0.5972 0.5972 0.6070 
CONCLUSIONS 


From the studies made by several investigators 
at the Indian Institute of Science, it is clear that the 
and factors governing the formation of air-entraining 
tices are so numerous tht no de finite generalisaticn in 
the shape of a formula is possible. Model studies of 
any particular problem concerning intake studies of a 
hydraulic machine would be very great utility and 
some times indispensable m order to design vortex- 
free suction walls, having due regard to the shape of 
thesump, submergence, condition of the sump (open or 
closed), shape of the suction bell, location and size of 
the suction pipe. ete. 


fhe devices suggested in this paper, viz., a suitable 
sump geometry (Fig. 7) anda flat finned conical fix- 
ture to the suction irlet (Fig. 8) could be used with 
advantage as they are inexpensive, simple and efiec- 
tive. 

It isrecommended that the suggestions given in this 
p»per may be used asa guide in designirg sumps fo 
pump installations. 


[Continued on page 76 
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Similarity under Cavitation and 


Scale effects in Model Testing of 


Hydraulic Machines 





Cavitation has been classified under two major 
headings for scaling effects: 


(1) Appearance of first vapour bubbles: With proto- 
typ? velocities, the life of the bubbles for expansion 
and r2-sorption ismuch shorter thaninrealityard this 
suggests an examination of the influence of gradual 
velocity reductionand longitudinal pressure gradients 
to dstermine whether there is a lower thresh hold 
transit time for the scale model. 


(2) Developed cavitation in different forms accom- 
paying progressive pressure reduction: (t) Intense 
bubble emission in the mass of moving water. Ifthe 
transit time is sufficient, the bubbles collapse where 
the local pressure is equal to the critical pressure. 
Proude similitude shguld disclose the bubble path 
batween formation and collapse but may introduce 
distortion of the bubble dimension from which it is 
concluded that it is desirable to use (a) prototype 
velocities for bubble dimension analysis, (6) Froude 
similitude for definition of the bubble formation and 
collapse zones, (it) Cavitation attached tothe surface. 
This form is initially unstable ard subject to rapid 
cyclic formation and detachment needing prototype 
velocities for simulation. 


(iii) Established cavitation where the bubbles 
become larger and are partially filled with vapour. 
The cavity dimensions are related to the surface 
pressure gradients and consequently the variable 
hydrostatic pressures should be correctly represen- 
ted on the model by Froude similitude specially if 
the cavity extends into the downstream zones. 


Scale effect: By scale effect is meant the effect of the 
size of turbine on its efficiency in a series of homo- 
logous turbines. 


(t) Tae so called homologous turbines of different 
actualdimensions, geometrically similar in design and 
proportions, are not completely homologous with 
respect to surface roughness. 


(ii) In efficiency tests of turbines, there is a wide 
range of possible error both in the field and laboratory 
due to the difficulty in m2asuring the water quantity, 
field measurements of efficiency, similarity in turbul- 
ence, etc. 


Model Tests are based mostly on considerations of 
Taom»a Number. Geometrically similar models re- 
p:o3enting the entire turbine or pump are necessary. 
Tests should be done under velocities similar to that 
in the proto type. 


By B. P. SINGHAL 


Inception of cavitation may obey similarity Jaws 
while extent of cavitation damage may not be scalar 
under conditions when inception of cavitation can be 
reproduced under homologous condition (K; number 
being the same in mode] and prototype). 


GENERAL PROBLEM OF SIMILARITY 


The problem of similarity of flow conditions may 
best be described by the question, under what condi- 
tions will a geometrically similar flow of liquid or gas 
occur around or within geometrically similar bodies? 
The general answer to this question is obviously that 
not only the guiding surfaces but also the forces act- 
ing on the fluid must be similarly arranged, because 
otherwise the fluid would be forced off the geometri- 
cally similar path inspite of the similarity of the fluid 
passages. 


This problem can be treated under the simplest 
possible assumptions. One of these assumptions is 
that the inertia forces are the only forces acting in the 
fluid. Furthermore, the fluid is considered as incom- 
pressible and, generally, as incapable of hanging its 
physical properties while passing through the 
machine. 


The similarity considerations carried out under 
these assumptions are called ‘fundamental’ in con- 
trast to those concerning viscosity, compressibility, 
and vaporisation (cavitation) which require other 
considerations. 

The “fundamental” similarity relations are: 


y 
A =constant (Kinematic similarity) and 





9 
ae = constant. a constant 


(Dynamic similarity) 


Where V = fluid velocity 
U = peripheral velocity 
H = total head on the machine 
The geometric similarity leads to the requirement. 
N; = constant 
N; = specific speed. 


SCALE EFFECTS AND MODEL LAWS 


(a) Scale effects :—Similarity considerations are 
concerned with changesin the absolute dimensions 
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and/or velocities of the system that do not effect the 
geometric and kinematic similarity. Such changes 
may th>refore be described as changes in the “Scale” 
of the dimensions and/or the velocities of the system. 
Undertheinfluence ofsuch scale changes, those effects 
which cause departures from fundamental similarity 
relations are called “‘scale effects.” 

Thus “Scale effect” isthe effect of the “size” ofa 
hydrotechnical device in a series of homologous 
devices. 


(b) Laws governing models: The dimensionless 
groups most commonly used in hydraulic experi- 
mentationaredesignated as Froude’s number, Rey- 
nolds’ number, and Weber number. 


(1) Froude’s number 
Vv? 
- 
expresses the condition for similarity of gravity and 
inertia forces. 


F 





This simple application supposes that neither vis- 
cosity, nor surface tension have any appreciable 
influence on the phenomenon under investigation. 
Froud2’s number is used as the basis of design and 
interpretation of models in which friction forces are 
negligible, such as spillways and other structures in 
which there is rapid change in the elevation of water 
surface in short distance. 

Froude number similitude generally involves free 


surfaces, certainly cavitation has a free surface, and 


gravity forces are sometimes important in the behavi- 
our of cavitation regions. Air-water entry of missi- 
les is an example. 


(2) Reynolds numbe r. 


states the condition under which the ratios of vis- 
cous forces to inertia forces arethesame in models 
and prototypes. Gravity and surface tension are 
neglected in the use of this criterion. 


Reynolds number is chiefly applicable to closed 
systems of flow, such as pipe or conduits, where there 
is no free water surface. Cavitation criterioninsuch 
systems is associated with Reynolos number. 


(3) Weber number. 


We= VL? ,—surface tension 
Cc 

expresses equality of the ratios of the surface tension 
toin>rtia forcesin modeland prototype and is useful 
in studies of surface waves, formation of drops and 
bubbles, entrainment of air in flowing water and other 
related phenomenon. The use of Weber number asa 
criterion supposes that forces of gravity and -visco- 
sity are negligible. 

The inclusion of Weber number as a cavitation 
criterion is certainly justified. 


CAVITATION INDICES 


(a) Cavitation parameter: The cavitation parameter 
is a dimensionless ratio. It is 
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P,-P, 
tp V." 
where V,=Velocity of the undisturbed flow 
P,=Pressure in the undisturbed flow 


P,=Vapour pressure at the liquid tempera- 
ture. 


Basically, the cavitation parameter defines the ccn- 
ditions of the flow ina given cross-section. It can be 
used in two different ways. The first is to describe 
the condition of the flow in a given cross-section with- 
out regard to whether or not cavitation is being pro- 
duced. The second refers to a guiding surface con- 
fuguration. Here the use is to discribe the flow condi- 
tions over this guiding surface corresponding to a 
certain degree of cavitation. The value of the cavita- 
tion parameter for which the cavitation just appears 
in a nop-cavitating flow or just disappears in 
a cavitating flow on a given surface is knownas K,, 
the subscript, i, indicating the inception point. If 
the flow conditions are changed so as to reduce K 
below K;, each new value of K will correspond to 
a given degree ofcavitation,i.e.,a givenlength of the 
cavitation zone. This implies that in a cavitating 
flow, geometric similarity requires that the value of 
must be the same for model and prototype. 


(6) Thoma Sigma: In simple flow systems there is 
usually little difficulty eitherin measuring or calcula- 
ting the value of Katany given point in a system. 
However, in hydraulic machinery thisis not the case. 
For such systems Thoma number, first published in 
1925, is used. The relation is not limited in applica- 
tion to machines having moving parts, but is equally 
applicable to stationary conduits (open system or 
closed system). Its definition in the usual presenta- 
tions is. 


K=> 


H,—H, TH, 
aw 


Hoy 
H 


where H,= atmospheric pressure head 
H,, = Vapour pressure head 


H;, = Static suction head, 
It can be both positive or negative 
H = Tota] head on the machine 
H,, = Net positive suction head, 0: NPSH. 


Thoma maintained that if similarity of flow was to 
exist under cavitation conditions, the extent of the 
cavitation zone, or vapour pocket, relative to the 
fluid passages must remain unchanged. The funda- 
mental dynamic relations apply not only to the total 
head H of the machine, but also to any-other pre- 
ssure or head difference inthe machine. Theexistence 
of the vapour pressure in the zone of cavitation can 
then be taken into account simply by the require- 
ment that the difference between this pressure and 
any other pressure in the fluid surrounding the vapour 
— must follow the dynamic similarity relations. 

since H,, represents the difference between the 
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total head at the point where suction head is measured 
and the static pressure in the region of cavitation 
(Vapour pressure), it follows that similarity of flow 
will be maintained if this head difference H,, follows 
the same dynamic relations asthe total head H on the 
machine, or any other head difference in the machine. 
Thus making H,, proportional to H gives the Thoma 
law. 

Thoma also pointed out that “a rigorous mechanical 
similarity between model and prototype is only possi- 
ble if the ratio H/D is the same for both”. D is any 
representative dimension. This simply means that 
Thoma stipulated compliance with Froude’s law. 

(c) Suction Specific Speed. 


s= nV/Q 


H,,3'4 


The suction sp2cifie speed may be defined as that com- 
bination of inlet operating conditions which,if held 
constant, permits similar flow and cavitation condi- 
tions in geometrically similar passages of centrifugal 
and axial flow pumps. Its value characterizes the 
hydro-dynamic design of the inlet passages with 
respect to local pressure reduction that can lead 
8 is related to o by 


to cavitation. 
Ns ‘ 
= S 314 
c= - 
( Ss 


where n,; is the specific speed. 
The Hydraulic Institute limit for mixed flow and 
propeller pumps 
(ns > 4,000) is 


s— P™Vepm < g140 
Hyy° ‘4 


or ga TPmycfs < 394 
H,,3'4 
PHYSICAL LIMITATION OF SIMILARITY 
CONSIDERATIONS ON CAVITATION 


Similarity relations do not include the effects of ° 


Viscosity and compressibility of the fluid involved. 
Since cavitation involves the formation of surfaces 
separating the liquid from the vapour phase of the 
fluid, surface tension of the fluid need also be taken 
into aecount. 


For viscous fluids,it is necessary to determine the 
cavitation characteristics of a machine experimentally 
for different Reynolds numbers. However, although 
itis usually possibleto make some qualitative predic- 
tions regarding the influence of viscosity on other 
hydraulic characteristics, particularly the power and 
efficiency of the machine, nogeneral information is 
available to indicate even the direction in which an 
increase in viscosity (large reduction in Reynolds 
number) will influence the cavitation characteristics 
of the machine. This problem is complicated by the 
fact that highly viscous fluids do not necessarily 
have one definite vapour pressure. 
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Another important factor isthe “time’’ during which 
a fluid particle remains in the low pressure zone. 
Under the influence of surface tension, the rate of 
increase of bubble size is not constant, and in the large 
machine it may not be similartothe size in the model. 
Therefore, if the time required for the growth of the 
bubbles under the influence of surface tensicn is 
appreciable, similarity in thesizeofthe vapour bubbles 
in the large machine and inthe model cannot be ex- 
pected. 


The other physical property ofthe fluid not taken 
into account is compressibility. 

Since cavitation has significance only in connec- 
tion with liquids, i.e., fluids that are not normally- 
considered compressible, it would seem that neglect- 
ing the compressibility does not lead to appreciable 
errors. Thisis true of all hydraulic phenomenon with 
the exception of collapse of vapour pockets. Here the 
pressures are very high, and neglect of compressibi- 
lity may lead toerrors. 


Cavitationeffectis very similarto “water hammer”, 
in which case it is not possible to neglect compressi- 
bility. The pressures caused under thisconditionare 
proportional to the product of the fluid velocities and 
the velocity of the pressure waves in the media con- 
sidered. The consideration of compressibility, there 
fore, leads to the result that for agiven fluid with a 
fixed accoustic velocity, the pressure of cavitation 
collapse increase according tothe first power of fluid 
velocities, in contrast to other pressures in the 
machine which very as the square of the velocity. 


CAVITATION SCALE EFFECT 

(a) Seale effect at inception of cavitation:—The 
most difficult modelling problem is that of scaling 
cavitation onset. Cavitation onset is governed by 
three parameters. (1) the characteristics of the im- 
purities in the liquid which form the nuclei, (2) the 
physical and thermodynamical properties of the 
fluid, (3) the hydrodynamic characteristics of the 
flow. 


The interaction of these three parameters results in 
a time delay in the inception of cavitation, which 
introduces a scale effect, and a brief analysis of the 
problem leads to the following tentative conclusions: 


(i) The same body tested at different velocities will 
have different values of K;,; 


(ii) If similar bodies of different sizes are tested at 
thesame velocity, the smaller body will havelower K;; 


(tit) Similar bodies of difterent sizes tested at the 
same value of the product (Velocity x characteristic 
diameter or length) should have the same K;j. 


Of particular interest here are the results reported 
by Kermeen and Parkin and Holl. In experiments on 
bodies of revolution having diameters ranging from 
}" to 2”, they observed a definite dependence of the 
critical cavitation number K;, on model size and abso- 
lute flow velocity. 


The dependence of inception on total air content 
has been reported by Crump which is in variance of 
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observations of Kermeen who found no consistent 
effect of air content varied between 7 and 13 ppm. 
Also, incipient cavitation number, defined as the 
state of liquid flow at which cavitation just dis- 
appeared, varied with free stream velocity and 
model scale. Lerbs reported a critical Reynolds 
number for inception, in contradiction to the 
measurements of Kermeen. 

(6) Scale effect at partially and fully developed 
cavitation :— 

There is some qualitative evidence to show that the 
scale effect is less for partially and fully developed 
cavitation than for inception. And it is possible to 
reproduce characteristic changes when cavitation is 
sufficiently developed. Although designers endeavour 
to prevent the appearance of cavitation, it must be 
tolerated under certaintransient conditions runaway 
and partial load operation. 


(c) Scale effect in hydro-dynamic performance:— 


‘Cavitation affects performance by altering the shape 


ofthe water passages, and any difference in geometric 
similarity in the cavitation Zone between model and 
rototype will producea scale effect which will become 
essasthe physical size and test velocity of the model 
are increased. This seems to point to the desirability 
of cavitation testing at prototype Reynolds number. 
In the case of low Froude numbers gravity forces 
exert a significant influence on cavitation behaviour 
and in such cases scaling should be at prototype 
Froude number. Thus there is a scaling dilemma, to 
obtain correct cavity geometry Froudenumber scaling 
is indicated, but this involves low velocities and small 
dimensions, in which conditions cavitationinception 
is delayed and cavitation zones are smaller than they 
should. Fortunately this dilemma becomes serious 
only in the case of low Froude numbers and testing is 
usually carried out at ashigh a velocity as possible. 


The scale relationships forequipment operating in 
the incipient and fully developed cavitation zones 
in terms of Frounde’s number call for examination 
because of the many variables and physical pheno- 
men on involved. It seems that because of different 
characteristics of cavitation one law is insufficient and 
consequently each phase must be analysed and appro- 
priate sealing laws applied tn association with proto- 
type values of the Thoma cavitation parameter. 
Difficulties, however, arise in reproducing zonal 
similarity where incipient or limited cavitation tests 
require model velocities approaching or exceeding 
those in prototype. 


Applying these considerations to hydraulic machi- 
nery, it is clear that. for low head turbines disregard 
of the elevations of different parts of turbine can 
introduce errors in determining turbine setting 
much in excess of those applicable to model test 
measurements. 


(d) Seale effects in cavitation induced vibrations, 
noise and erosion.— 

Due to vibration, noise and erosion which accom- 
pany cavitation difficulties arise in reproducing such 
phenomenon on scale models. Since (¢) Vibration and 
noise introduce the physical properties of water, 
hydraulic phenomenaand mechanical construction of 
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the turbine apart from prototype and structural simi- 
litude which obey different incompatible laws. The 
best that can be done is to observe periodic pressure 
fluctuations at different points in the machine. (ii) 
The laws of erosion similitude even if determined for 
simple shapes with prototype velocities could not 
necessarily be extended to turbine model. Reproduc- 
tion of erosion would take toolong and interpretation 
would betoo difficult in the present state of metallurgi- 
cal knowledge. A large mode] at prototype Froude 
number, however, could predict the zones exposed to 
erosion where highly resistant materials should be 
used. When coupled with a study of vapour bubble 
behaviour, it might indicate where improvement is 
desirable, and perhaps define intensity but not the 
severity oferosion damage. 


It is a known fact that pitting occursnot in frequent- 
ly in Zones which onthe model were cavitation- free or, 
conversely, that no damage occurs in sections which 
from modelobservations were considered endangered 
by cavitation attack. Hydro-dynamic similarity with 

regard to cavitation therefore by no means signi- 
fies similarity of cavitation damage. 


CAVITATION MODEL TESTS 


Th complexity of the cavitation problem rules out 
theoretical solutions. Model tests have become the 
indispensible tools of research and engineering 
deveiopment work. — 

From dimensionless equations of motion, it follows 
that Reynolds number, Froude number and the cavi- 
tation parameter must be the same for model and 
full- scale machine. If Weber number is also inclu- 
ded, then 


K or o=f (Re, F, We, test geometry) 


where test geometry extends to roughness and clear- 
ance parameters. 


Reynolds number effects are assumed insignificant 
ifthe tests are carried out above the critical range of 
transition, for axial flow machine, this is, in general, 
assumed asRe2 to 4x 105, if based onblade chord. 


Froude number has always been considered an 
essential parameter since gravity forces are the only 
external forces acting. This leads to: 


o= constant; F= constant 


The tendency today favours cavitation tests on 
complete scale models, a practice frequently adopted 
in model efficiency tests. 


Cavitation test procedure for model turbines con- 
sists of determining unit power and discharge as a 
function of the cavitation parameter o. The critical 
conditions are determined from the breakin either 
the unit power or discharge curve, whichever occurs 
at higher value of oc. 


For centrifugal pumps o crit is found from the 
break in head-capacity curve. 


Coating techniques are some times used to locate 
the parts likely to be attacked by cavitation. 


Cavitation model tests on ship propellers are con- 
ducted. with the cavitation number, referred to the 
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centre of the axis, as the predominant parameter and 
with the Reynolds number chosen greater than a 
certain critical number. 

Cavitation model testing is expensive which is one 
of the reasons why it has increasingly been sup- 
plemented by aerodynamic methods which also offer 
far greater flexibility. Flow in-component investi- 
gations using air and the development of suitable 
blading for high solidity runners of modern axial 
flow machines in asrodynamic cascade tests is today 
industrial routine procedure. This has been extended 
to complete air models of hydraulic turbomachines 
and even to the determination in such tests of the 
critical cavitation coefficient. 

Aerodynamic investigations, however, are limited 
inso faras they cannot supply information on perfor- 
mance under conditions of cavitation advanced from 
the incipient stage, nor can they be used for reliable 

rediction of onsst of separation or vortex cavitation 
The critical cavitation coefficient of the air model 
tests will th2refore be an inadequate criterion in all 
those cases where plant operation dictates accep- 
tance of tolerable cavitation in the machine, or where 
an indication is wanted of the possible danger of 
pitting due to gap or clearance cavitation. 


Acknowledgement 


The author is deeply indebted to Prof. N.S. Govinda 
Rao, for his enlightening guidance in the preparation 





INDIAN JOURNAL OF POWER & RIVER VALLEY DEVELOPMENT 


ofthis pyper. He 2xpresses his very sincere thanks to 
Sri. K. 5eetharamiah, Asst. Professor, for his valu- 
able criticism and keen interest inthe preparation of 
this paper. 
Bibliography 

1. Wislicenus G. F. ‘Fluid Mechanics of Turbomachinery’’- 
McGrew Hill, 1947. 
Seventh General Meeting, Vol. 1, 1957. 
“Some observations of Cavitation on 
Hemi-spherical Head Models’’ C. I. T. 
Hydro Lab. Report E-35.1, June, 1952. 
“Incipient cavitation scaling experi- 

ments for Hemispherical and 1.5 
Calibre Ogive-nosed Bodies’, Penn, 
State College Ordnace Rese Lab. Rep. 
Nord. 7958-264, May 15, 1953. 
“Determination of critical pressures 
for the Inception of Cavitation in Fresh 
and Sea Water as influenced by the air- 
content of the water’’, DTMB Report- 
—575, Oct. 1949. 
“Mechanism of Cavitation Inception 
and related scale-effects . problems’’, 
Trans, ASME, 1955, 77, 533. 
“Discussions an Author’s closure’’-, 
DTMB Report 842A, June, 1953. 
“Cavitation in Turbomachines’’—I, II, 
III Water Power—Sept., Oct., Novr. 
1957, 335-41, 378-83; 429-33. 
“Cavitation Phenomenon’’—Jrl. 
and Power, Oct., 1958. 
10, Govinda Rao, N.S. 

and Seetharamiah, 


. Transactions ‘IAHR’ 
. Kermeen, R. W. 


ow bo 


— 


. Parkin, B. R. and 
Holl, J. W. 


on 


. Crump, 8. F, 


[-) 


. Kermeen, R.W. etal, 


~1 


. Eisenberg, P, 


ie 2) 


. Winternits, F.A.L. 


9, Govinda Rao, N.S. Irr. 


“Modern trends in Hydraulic turbine 
practice’’—J. Inst. of Engineers (Ind,) 
Decr, 1956. 


_——— 


Continued from page 71) 


Some Studies on Air-Entraining Vortices in Pump Sumps 


It can be easily seen that there is plenty ot scope 
for further work in this field. 
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Remarks on Cavitation in Turbomachines 





The occurrence of vapour and gas filled cavities 
within the body of a flowing liquid have been a major 
source of concern to the user and designer of turbo- 
machines practically from the time these devices 
have come into being. This phenomenon, called 
“cavitation’’, can result whenever the static presure 
of the flowing liquid falls below the vapor pressure 
of the liquid or in the case of a liquid saturated dissolv- 
ed gas, the bubble point. The low pressure regions of a 
cavitating fluid may appear to be frothy as when gas 
bubbles come out ofsolution, may consist ofa series of 
gtowing and collapsing bubbles filled predominantly 
with vapor, or even in some cases a fairly distinct 
cavity attached to a solid surface may form. In all 
cases the hydrodynamics of the flow field can be 
affected to a marked degree by the presence of such 
cavities, and equally important, the pressure waves 
originated by the collapse of transiert cavities in the 
flow may result in severe material erosion known as 
cavitation damage. Various types and extent of 
cavitation are shown in Fig.] as they occur on a body 
of revolution. 


These two general areas, i.e. hydrodynamic per- 
- formance and damage, serve as general focal points 
for most of the cavitation research insofar as its 
connection with machiné® is concerned, that has 
been carried out in the United States and Europe. 
The literature of this subject began essentially with 
Rayleigh' who mathematically formulated the pressure 
rise due to the collapse of a spherical bubble, to ex- 
plain the origin of cavitation damage. Since that time 
many papers have appeared that discuss physical and 
metallurgical aspects of cavitation damage. A com- 
prehensive summary of these and related problems is 
given by Knapp (2). The hydrodynamic petfor- 
mance of some simplified shapes in cavitating flow 
can be determined with the aid of free streamlire 
theory when the cavitating region is fairly distinct 
ana well defined. The textbook example of such a 
flow is, of course, the plane flow past a lamina held 
normal to the stream, the pressure in the cavity being 
equal to that far upstream. This early example due 
to Kirchoff predicts a drag coefficient that agrees well 
with experiment’. Many more examples are found 
in the book by Birkhoff and Zarantonellot. 


Unfortunatety, not all problems of technical impor- 
tance satisfy the neat conditions of two-dimensional, 
steady, potential flow that must be satisfied in order 
to use the powerful method of analysis outlined in 
(4). As a result, most investigations of cavitation in 
such complicated machines as turbines, centrifugal 
pumps, marine propellers ete. are perforce, experi- 
mental. The object of such researches is to establish 
the safe limits of operation with cavitation not only 
for performance but for material damage as well. 
As a rule a certain arbitrary recuction in effi- 
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ciency such as one-half or one percent is adopted as 
adequate insurance against cavitation damage. The 
acceptable deterioration in performance is, however, 
dependent upon the length of anticipated service 
(and thus extent of damage) and upon the particular 
application. Thus, for example, the extensive cavita- 
tion permitted in a modern missile propellant pump 
would not be tolerated in the pumping plant of a 
major irrigation project. It is, however, always neces- 
sary to be able to establish safe bydrodynamic limits 
of operation with cavitation and for this reason in- 
terest in the presert paper will be centered on thehy- 
drodynamic aspects of cavitation rather than on 
material damage. 


In the following sections several aspects of the 
development of cavitation ina turbomeachine will be 
taken up. Some of the*current theories of design for 
cavitating flow will be discussed and finally, some as- 
pects of the important problem of similarity in a 
cavitating flow will be mentiored. 


DEVELOPMENT OF CAVITATION IN A 
MACHINE 


The lack of detailed flow observations in machines 
operating with various degrees of cavitation has 
hampered real understanding of this problem. Visual 
observations of cavitating flow in a centrifugal pump, 
for example, are practically non-existent in the litera- 
ture. One of the best papers dealing with overall per- 
formance measurements and their interpretation is, 
however, due to Gongwer5. The situation is scarcely 
better with axial flow pumps. The early paper of 
Tenot® showing photographs of cavitation develop- 
ment in an axial flow pump is interesting. A criticism 
of Tenot’s work, together with additional photographs 
of cavitation development in an axie] pump, is given 
in a less available report (7). A more detailed and 
comprehensive photographic survey of cavitation phe- 
nomena inan axialinducer pump (a pump characteriz- 
ed by extreme solidity to achieve great resistance to 
cavitation failure at the possible expense of efficiency) 
is given in (®) again, unfortunately, not a part of 
the standard literature. The sequence of events as 
found in these works bear several features in common 
and it is anticipated that the general features of 
cavitation in a radial machine will probably not be 
greatly different from that in an axial machine. 
However, absence of photographs of cavitation in a 
centrifugal impeller precludes any definite statement. 


In general it is found?* that as the inlet pressure is 
reduced, the progress of cavitation undergoes several 
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recognizable stages enumerated below for an axial 
pump at a constant flow rate and rotative speed: 


(a) Inception: The first appearance of cavitation is 
always in the region of lowest pressure. If the flow is 
separated or if there is a strong tip clearance flow, 
cavitation may commence in the stream usually 
appearing in a tip vortex which may or may not be 
attached to the blade. Figure (2) shows such a case. 
When the tip vortex does not form, cavitation then 
appears first on the blade surface at or near the position 
of minimum pressure.? 


‘h) Partial cavitation: With continued reduction 
in inlet pressure the cavity grows. The tip vortex 
region, if it occurs, becomes attached to the blade 
end the region of surface cavitation gradually 
extends over the chord of the blade. Generally 
speaking when the length of the cavity is less than 
about one-half chord, no gross effect on head genera- 
tion is observed provided the cavitation com- 
mences from the leading edge of the blade. Still, how- 
ever, the head may be lowered by several percert 
and the efficiency perhaps even more. If the 
impeller solidity is large (say 1.5) a condition of 
non-steady flow may also develop, depending upon 
the porticular blade design. Also, observation of 
partial cavitation on Karman-Trefftz airfoils when 
the cavity is about on-half chord long’ indicate 
taet pumps of low solidity will probably be subject 
to similar non-steady cavitation flow. The exact ori- 
gin of the unsteadiness is yet unknown. It is, however, 
a phenomenon of some importance as pumps that 
operate with such flows are subject to cosiderable 
vibration. 


(c) Impending Failure or Cavitation Breakdown: 
With further decrease ir inlet pressure, the length of 
the cavitating region (steady or unsteady) rapidly 
approaches the chord length and the head of the unit 
may suddenly drop to a very low value. For practical 
purposes the pump may be said to have failed. Ex- 
amples of such behaviour are common in the litera- 
ture and the representative plots in (''} may be cited 
es being typical. It is just this conaition thot the 
designer must be able to estimate in order to deter- 
mire the degree of safety of a particular application. 
Moreover, there are circumstances such as in the re- 
gulation of condensate pumps in which it is desirable 
to operate with various heads within the region of 
“cut off” 


The foregoing developments of cavitation in an 
inducer impeller are illustrated in Fig. 3 taken from 
ref. (°). The gradual developmert of the cavity is 
in this case reguler and no unsteady flow occurs. It 
will be noticed, however, that extremely low cavita- 
tion numbers (see notation) are achieved before break- 
down. [t will be seen later that this is a consequence 
of the low blade angle and high solidity of this 
configuration. [be dimensionless head coefficients are 
plottea vs the cavitation numbers for various flow 
rates (Fig. 4) tor this impeller. It is clear from this 
diagram that to a certain extent, the acceptable 
safe limit is arbitrary, provided that it exceeds the 
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break-down limit. It becomes therefore imperative 
to have some measure of the breakdown limit as 
well as an understanding of the physica! processes 
implicit in the use of the dimensiorless parameters 
such as the cavitation number used in this diagram. 
The first of these problems is the next to be taken up. 


ESTIMATES OF CAVITATION PERFORMANCE 


1. Similarity parameters for cavitation: The cavita- 
ting performance of a hydraulic machine in the field 
is usually expressed in-terms of suction lift at a given 
flow rate and speed. However, such a presentation is 
not useful for application to other pump size, speeds 
or lifts and for that reason, representatior in terms 
of dimensionless similarity parameters is always 
preferred. Various parameters are now in vogue among 
hydraulic engineers for this prpose. A convenient one 
(and one of the first) is Thoma’s o 


where 


o=h,y/b (1) 
In this equation h,, stands for the net positive suction 
head and this is equal to the inlet total head minus 
the vapor pressure of the fluid. h is the non-cavitating 
head of the pump. &t a given flow rate coefficient 
(see notation) it can be shown that constancy of o 
implies constancy oi the cavitation condition provided 
otber physical effects do not occur (such as important 
Reynolds number eftects, non-equilibrium thermody- 
namic eftects, surtace tension effects etc.} However, 
since the magnitude of the generated head. affects only 
to a slight degree the dftribution of pressure in an 
impeller of moderate solidity, the magnitude of o is 
not a sensitive indicator of cavitation performance 
and varies greatly with impeller type. For this reasor 
the cavitation number 


wn (pi— Pv ) mY 
<p ’ 

or the suction specific speed 
S=N VQ |(bsv)3/4 (3) 


are better parameters. In Eq. (2), p, is the inlet static 
pressure to the impeller, p, the vapour pressure, the 
density and u, is the iplet relative velocity at the tip 
of theimpeller. The algebraic relation between (1), (2) 
and (2) is brought out more directly by introduction of 
the dimensionless head coefficient and flow coefficient 
(see notation). Meking the indicated substitutions it 
is found that 


2 
2¥.o(7: )'_ 6,2 
K=——_ uh siecle 
~ 1462 (4) 
For axial flow machines r, =r, so this ratio disappears. 
The suction specific speed is , 


__ 81508'2,r, | ; 
P= [+ 6,)K 4G, ze PV Al rs (5) 











. 


‘HYDRAULIC MACHINES SYMPOSIUM—SEPTEMBER 1960 


a form suitable for either centrifugal or axial pumps. 
Por the latter, the last square root number becomes 
4/1—v?. In Eq. (3), N is to be measured in RPM, an 
Q in gallons per minute (US). 5, as found is not di- 
mension less but woula be so with the introduction of 
g34 into the denominator (g=32.2 ft/sec,? the stan- 
dard gravitational constant). 


From these relations it is seen that if the operating 
point of a given turbomachine is xed (®, ¥ const.) 
constancy of o implies constancy of k orS. 


2. Estimates of Cavitation Parameters: The problem 
now is simply to be able to estimate values of k orS 
such as to ensure freedom from cavitation breakdown. 
This is, regretably, a most difficult problem. What 
can be done for simplifed shapes (for example, cascade 
of hydrofoils; is to estimate the inception of cavitation 
by equating the minimum pressure on the blade to 
the vapour pressure of the fluid. It is particularly 
simple to do this for pump blades of low solidity 
and for this case Bowerman'?. bas devised a neat 
procedure for desigring pumps of given duty 
(head, flow, speed) for given diameters with 
optimum resistance to (the inception of) cavitation. 


However, if it is known that a certain type of pump 
will operate successfully with a particular value of k, 
independent of ® or ¥ ,a special case of Bower 
man’s theory results which enables one to determine 
forexample the optimum diameter of the impeller 
eye easily. Such considerations were first put 
forward by Brunfield'3 Pfleiderer't and Ross". 
In fact due to itssimiplicity this calculation (by Ross 
is worth repeating: 


Let the inlet total pressure be p,. Then in the nota- 
tion of Fig. 5, 


Pi Po = C* 


and the minimum pressure op the blade, assumed to be 
to equal to p, is from (2) 


P,=Pi— pl2 Wi? =Pr— p] 2 (V1? +n?) k 
or 
P,=Po— pla [kv,* +C,,? (1+k)] 
The optimum diameter of the impeller eye for a given 
speed and flow rate will occur when p, bas its bighest 
value or when k,V?+C,,? (1+k) has its minimum 
value. Thus 


d 


dr 


is the condition to be satisfied for the optimum radius. 
Carrying out the indicated operations results in rela- 


tion. 
| 2(1+k)Q? ¥ 
Y 1 Opt — ae “SA 


A more interesting result is obtained when the opti- 
mum flow rate coefficient is found 


k 1? w? +(1 +02 


(6) 
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‘ me 
®, opp = V 2 (14k) (7) 
and with this 
5060 a aoe coe 
Siop:= et V Ajar,? (8) 


Although (8) is for the optimum eye diameter, it will 
be found that (6) also maximizes (5) for the given 
conditions. Thus, the radius given by(6) is the best 
1adius,theflow coefficient of (7) and the suction specific 
speed of (8) are the best that can be achieved with 
the acceptable value of k. It is interesting to deter- 
mine the order of magnitude of these quantities for 
some realistic estimates of k. It can be seen upon 
reference to Fig 4 that k=0.02 is certainly achievable 
forsome conditions. For this value of k the optimum 
flow coefficient is from Eq. (7), , opp = 0-12 and the 
value of Sop, i8 26,800., (it is assumed that r =0.4). 
This value is quite bigh and would only be used in 
machines of short life. 


These numbers are in interesting contrast to more 
conventional pumps. For example, the data of ® 
indicate that a value of k of about 0.31 can be ex- 
pected near breakdown for a well-designed centrifugal 
pump. Under this condition, the best suction specific 
speed that coula be expected would only amount to 
8500. This value is in close agreement with the 
Hydraulic Institute standard forsingle suction centri- 
fugal pumps.'7 

The development sketched above can be modified 
easily to include upstream friction loss, and pre-rote - 
tion of the flow. The advantages of pre-whirl in 
achieving high suction specific speeds (and therefore 
gooa cavitatior resistance) is clearly brought out 
in a recent paper of Wislicenus '*. However, in all 
of these cases a priort knowledge of the acceptable 
cavitation number is required. As mentioned earlier, 
this can be obtained analytically for inception of 
cavitation only in the case of some simplified flows 
such as a cascade. Even then considerable labor 
is required, for example, see ®. The growth .of the 
cavitating region in an impeller as the cavitation 
number is lowered and its correlation with perfor- 
mance is therefore a problem of great importaoce as 
this information would provide some basis for the 
calculations above. It should come as no surprise 
that the theoretical difficulties of treating the cavita- 
ting flow in a general turbomachine are practically 
insurmountable. For some simplified shapes, e.g. 
the impeller shown in Fig. 2, some progress has been 
made recently and this will be reviewed in the next 
few paragraphs. 


As the simplest meaningful example that can be 
treated, the plane potential flow through a cascade 
of flat plates will be discussed in detail. The cavity is 
assumed to be attached to the leading edge of the blade 
(Fig. 6) and for reasons of simplicity, the length of 
the plates is taken to be infinite. The flow is friction- 
less, and the cavity is bounded by a free streamline 
along which fluid of constant velocity proceeds. The 
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position of the streamline and length of the cavity 
are unknown before band. The problem to be solved 
is to determine the extent of the cavity (comprrec 
tothe blade spicing 2m) asa function of the cavitation 
number k, the angle of attack « and the stagger 
angle y. Tbe solution can be obtained by hodograph 
methods which are abundantly treated in ref. (+). 
However, because of the recent interest in the appli- 
cation of linearized free streamline theory to problems 
that are handled only with considerable difficulty by 
exact methods, the linearized theory will be used 
herein. 


Briefly, the method assumes that the angle of attack 
and the slope of the streamlines are small compared to 
unity ‘as in thin airfoil theory). Asa consequence, it 
may be assumed that the basic flow through the 
cascade is only slightly perturbed from its value far 
upstream. Products and squates of the perturbation 
velocity components are then neglected, so that the 
presssure becomesa linear function of the perturbation 
velocity in the stream direction. Boundary conditions 
are then «applied on the chord and not at the actual 
position of the streamline. The method approximate 
but because of its simplicity, it is of great utility. 
The linearized theory as applied to thin airfoils is 
covered in ref. (7°), and Parkin (2!) treats in detail a 
great mioy free stream-line problems by this method. 


%. Discussion of Theoretical Results: The details of 
the problem outlined above may be found in Appendix 
[, and for the purposes of the present discusion the 
salient results will be repeated below. First, however, 
it is of interest to considerthe results of two limiting 
cases; nvmely, thelimit ofzerocavity length to spscing 
ratio and infinite cavity length. It mvy be shown from 
Eqs. A-6 and A-11 that for small cavity lengths 


k= * Sin 2 
a/2n 


Thus, as the cavity becomes very short, k approaches 
infinity in accordance with the known limit for fully 
wetted flow. On the other hand, as the cavity length 
appcoaches infinity, Eq. (A-11) shows that k becomes 
asymptotic to the limiting value 


V Cosy/C/2x 


k=2 sin «. cos(y+ «)/(1+siny) (9) 


This result can also be obtained from momentum 
considerations when it is recalled thit the flow is 
frictionless and that there must be no force parallel 
to the plane. Equation (9) is useful since it gives the 
least possible value of the cavitation number for flow 
through a cascade. It is seen that k=O forx =O 
(it being assumed that there is no thickness to the 
blades), but in addition k is elso zero for y+ « =n/2. 
This finding, porhyps surprising at first, occurs only 
at zero flowth*ough the cascade and does not there- 
fore rep’esent a flow ofinterest. The maximum ofkin 
Eq. (9) is peth)p3 4 more realistic condition and this 
occurs when « =(n/2—y)/2 and has the value k,,, = 
(1-siny)/(1+-sin y). This simple result clearly shows 
that large stagger angles are more conducive to 


cavitation resistance, and this observation is generally 
borne out in practice. In addition, there is some- 
suggestion (5), (°) that the value of k,,,, just quoted is 
a fair measure of the minimum cavitation number 
achievable in an inducer pump or inlet portion of a 
centrifugal pump. Specifically, the test results of (8) 
show that twice the value of k so determined is a 
conservative estimate of the breakdown cavitation 
number in inducer pump devices. 


The dependence of cavity length upon cavitation 
number for various values of y and for an engle of 
attack ofsix degrees isshownin Fig. 8. The dominant 
effect of stagger angle is clearly brought out in this 
diagram, but equally interesting is the fact that the 
asymptote of minimum cavitation number isreached 
for all practical purposes when the cavity is one and a 
half blade spacings. The “knee” of the curve occurs 
at about one blade spacing for most stagger angles. 
This finding indicates that excessive solidity is not 
required to achieve high suction specific speeds and 
p2rtial corroboration of this conclusion was observed 
in (°) for a limited range. Direct experimental evi- 
dence confirming the general beh»viour shown in 
Fig. (8) is, however, lacking. To investigate this 
point visual observations of the cavitating flow in an 
inducer with a nine degree tip angle at an angle of 
attack for which three dimensional flows were not large, 
were made and compared to the theory. These results 
are shown ir Fig. 9. The agreement, though not too 
good, certainly bears outthe gereral features of the 
theory. It would therefore be of great iaterest to ex- 
extend these observetionsto centrifugal pumpsand to 
additional blade angles. The simple analysis indicated 
above can be extended fairly easily to account for 
finite length of tho blades. An example of such a 
calculation for cavitylengths greater ther the chord 
length is given in (77). Also, curved blades can be 
treated as well.?3 However, the effects of rotational 
flow on the development of cavitation have not 
yet been determined (i.e. that which occurs on the 
meridional streamlines in a centrifugal impeller). 
Much interesting and valuable work remains to be 
done in this area. 


CAVITATION SIMILARITY 


In the foregoing section it was tacitly assumed that 
the pressure in the cavity was equal tothe vapor pres- 
sureof the bulkliquid, Furthermore, it wasalsoassum- 
ed that cavitation occursas a pocket or bubble attach- 
ed to the blade surface. These assumptions now have 
to be examined in more detail, especially as recent ex- 
perimental findings on pumps operating witb bot water 
some hydrocerbonsand cryogenic fluids such as liquid 
nitrogen, show pronounced differences in their cavita- 
ting performance. As an illustration, Fig. (10), taken 
from Stahl’s pxper ** compares the performaance 
of the same pump operating with cold water and 
water at 294°C (the flow rate and speed are kept 
constant). It can be seen that the cavitating perfor- 
mance with hot water is appreciably better. In fact 
the results of numerous investigations 25, 26, 27, 28, 
show tbat all pure liquids containing no dissolved 


gas exhibit a cavitating performance equal to or 


better than that of cold water. One possibility that 
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immediately suggests itself is that the pressure p, 
assumed to occur in the cavity, islower than the vapor 
pressure of the bulk fluid, resulting in a higher cavita- 
tion number and therefore a less severe condition to 
be met by the pump. Various rough physical argu- 
ments can be put forward to support the view that this 
actually happens. For this purpose, it is necessary to 
have some idea of the processes involved in cavitatior. 
One such model (previously discussed) is that of the 
stable cavity attached to the blade. It would seem to 
be reasonable that the vapor within the cavity is 
entrained by the violent turbulent closure processes 
seen at the end of such cavities in water tunnels. In 
order to maintain the cavity liquid must be evaporated 
into it from the surface of the flow. The process of 
evaporation cools the inner bounding surface of the 
cavity to the degree necessary to cause the heat 
required for evaporation to flow to the surface. Thus, 
according to whether the density of the vapour (and 
hence mass ofevaporated liquid)latent heat of evapora- 
tion, and entrainment rate are large or not, the cool- 
ing effect will be large or perhaps negligible. Other 
models of the cavitation process also lead to the same 
conclusion. Thus, for example, it might be argued 
that in a machine, cavitation occurs in the flow as 
nuclei that move with the fluid and grow as they en- 
counter the low pressure regions. The rate of growth 
of such a bubble depends upon the extent to which it 
is superheated in the low pressure region inasmuch 
as it is always necessary in a pure liquid to have @ 
certain degree of superheat for a finite growth rate. 
The actual process as it occursin a machine probably 
‘lies between these extremes. In fact, as Salemann 
points out, there is indirect evidence to show that the 
first model occurs when pumping fluids such as cold 
water and the second for tluids such as hot water that 
show the pronounced “thermal’’ effect. 


Considerable effort has beer devoted by the groups 
listed in references (24) to (28) (as well as others not 
listed) to establish the correct similarity laws for 
cavitating flows with various liquids. Most of the wor- 
kers take the point of view that in the cavitation pro- 
cess, a certain amount of vapor is formed within 
the inlet portions of the impeller and that for similar 
cavitating performance, the ratio of the volume of 
vapor so formed to the volume of the vapor-liquid 
mixture must be the same. It is also assumed that the 
vapor and the bulk liquid are in thermal equilibrium. 
The evaporation of the liquid is accompanied by 2 
decrease in bulk temperature, and a corresponding 
reduction of the vapor pressure. Thereduction in vapor 
pressure for a given ratio of vapor to liquid volume 
will depend upon the particular fluid and accordingly 
the fluid will be said to have a low or high tendency to 
cavitate as the depression is high or low respectively. 
Or conversely, the vapor to liquid volume ratio for a 
given decrease ip vapor pressure may be said to indi- 
cate the susceptibility of a fluid to cavitate*5 


The analyses of the depression of the vapor pressure 
(or reduction in the net positive suction head required 
for similar cavitation) presented in references (25), 
(26) and (27) although differing in some details, are 
all essentially the same; and it can be shown, for 
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example, that the considerations of Jacob*® are 
fully equivalent to the following problem of “‘ther- 
mostatics’’. An insulated beaker with a tightly fitted 
piston is completely filled with a unit mass of saturated 
liquid. The piston is then slowly and adiabatically 
withdrawn until a certain given volume of the vapor 
is formed. The pressure of the resulting mixture is 
then to be determined. 


This problem thus stated is equivalent to calculatirg 
the expansion of the vapor from the point of view of 
an observed moving with the fluid, provided that there 
is no friction or heat transfer. The thermodynamic 
equations for the above problem will now be solved 
using the symbols of Jacobs. 


Let the quality (or mass friction of the vapor) of 
the mixture be x, and subscripts (1) and (2) denote the 
beginning and end of the process respectively. Since 
the process is adiabatic and frictionless, it is reversible 
and therefore is entropic. Thus 

Sq=8,+xSg2=Sa (10) 

with the usual thermodynamic notation. It is 

assumed that the liquid bas a negligible coefficient of 

thermal expanssion, so that the entropy change of the 

liquid is sg — s, =e,n (T,/T,). Writing 8 g=4/A/T, 
one has 

Ax 


a ssi n( T/T) 


(11) 
To obtain the connection between the temperature 
change and the pressure, the Clausius-Clapeyron 
equation must be used, i.e., 


dp . 
& V;-T 12 
dT r/ fg ( ) 


If the temperature change A T=T,—T, is small com- 
pared to T,, the logarithm of Eq. (11) can be expanded, 
and only the leading term retained when the tempera- 
ture increment is substituted from the expression 


2x 


Scouse ees 1 
VaglC, (13) 


Ap=— 


is cbtained, in agreement with Jacob. The depression 
Ap ofthe vapor pressure necessary to create the vapor 
is usually expressed in feet of the liquid, i.e., AP- 
—6éh/v;, Furthermore. the quality x can be elminated 
in favour of the ratio of volume of vapor to volume of 
liquid 
__ volume vapor formed _ xyz _. V 
volume of liquid Ve 


(14) 





V, 


or the ratio of volume of vapor formed to the volume 
of the mixture 


xVie 


__ volume vapor formed _ 


y? tomes atch — 15 
’ volume of mixture Ve +xVoe (19) 
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resulting in 


V; 2 Vv’ 


Ve *TC, 1—V’ (16) 


h= 


and B= (\h/|i’v ¢?/ve *TC,} In there latter expressions 
the approximation Vg=V, is also used (17) 


If it is now assumed, as Jacobs. does, that similar 
cavitating conditions in a given pump result when 
V’, is the same, then whatever tbe fluid, the ratio. 
Ah/( ? ve 2/vg ? TC,) from Eq. (10) should be cons- 
tant for similar flows to oveur. Thus the depression 
of the vapor pressure, Ah, necessary to cause the 
requisite amount of vapor to form, and by supposition, 
to obtain the same hydraulic performance of the 
pump, for any fluid can be found if the value of 
A\h is known for any other fluid and if the thermal 
properties rC,, Vr , Vg are known for each of the fluids. 


On this basis Jacobs is able to correlate fairly well 
the cavitating performance of a machine pumping 
liquid hydrogen and liquid nitrogen. Alternatively. 
Stepanoff chooses the value of B for Ah=1 ft as 
an arbitrary measure of the susceptibility of the 
fluid to cavitate. Since this quantity shows wide 
variations from one fluid to another, it is of interest to 
tabulate several values. 


According to the information ef Table 1, propane 
and hydrogen should show little deterioration in 
performance due to cavitation since the volume of 
the vapor formed is small. Nitrogen and hot water 
follow in that order. However, the excessively large 
value of B for cold water indicates that essentially no 
depression could actually occur in the pump. Tests 
conducted with cold water, therefore, give ‘“‘conserva- 
tive’’ results. 

Despite the relative success of Jacobs in correlating 
the performance of nitrogen and hydrogen and that 
of Step2noff in his work, itis doubtful that these simple 
static considerations adequately represent the cavitat- 
ing process. The constancy of the vapor to mixture 
volume ratio, V’, as a criterion of ca vitating similarity 
was challenged by Salemann on the basis of his 
measurements using a givep pump operated with bu- 
tane, Freon 11, and water. Infact, hefound thatifh 
wasdetermined from the experiments and V’ calculat- 
ed from the thermodynamic relations outlined above, 
that V’w as a function principally of the vapor pres- 
sure of the fluid varying by a factor of about four when 
the vapor pressure of the flowing liquid is varied by 
about a factor of 20. It is as a result of this findirg 
that Salemann proposes that cavitation in cold water 
occurs largely as an attached cavity, whereas the 
large depression /\h necessitated by the higher vapor 
pressure fluids results in an extensive region of super- 
heated liquid within the impeller in which a more or 
less homogeneous distribution of separate bubbles 
occurs. Intermediate states are represented partly by 
bubbles within the fluid. Thus, the ratio V’ need not 
apply to the entire flow field but only to the liquid 
adjacent to the cavitation and the restriction of cons- 
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tant V’ asa condition of cavitation and the restriction 
of constant V’asa conditior of cavitation similarity can 
then be dropped. Thisingenioussuggestion may be cor- 
rect. It is also entirely possible that the “‘static”’ 
model of flow sub-cooling outlined above does in fact 
adequately represent the experimental cases reported. 
It is significant, however, that neither the rotative 
speed nor pump size were varied in any of these tests. 
Moreover, the pumps were fairly small, the maximum 
flow rate not exceeding 400 gallons per minute. With- 
out a more firm understanding of the mechanics of the 
cavitating process, one would behesitant toextrapolate 
these results to a machine, for example, of ter times 
the flow rate or ten times the speed. It is difficult to 
escape the conviction that the time and size scales 
play an important role, for the average time spent by 
a particle in the low pressure regions of a centrifugal 
impeller is only a few milliseconds. With moderate 
guperheats, this time is of the same order as that needed 
to grow a nucleus in water to an appreciable size”. 
As Plesset and Zwick point out in this series of 
p? pers, the rate at which a superheated vapor bubble 
grows depends upon the vapor density, latent heat, 
specific heat of the liquid (all quantities found in 
Eq. (16) and in addition, the thermal conductivity of 
the fluid. The volume of vapor formed per unit mass 
will depend upon the individual growth rate of 
an isolated bubble and in addition upon the number of 
nuclei present in the fluid. The concentration of 
nuclei is thought to be strongly dependent upon tem- 
perature ana may well vary widely from one fluid to 
another. The history of the fluid may also affect the 
concentration and, consequently, the cavitating per- 
formance®. 


Table 1 


CAVITATION SUSCEPTIBILITY PARAMETER B FOR 
Various FLvuips 





Substance Temperature B for Ah=1 ft 
Water 70°F 1800 
Water 100 353 
Water 180 7.87 
Water 212 2.08 
Water 250 0.66 
Water 300 0.16 
Butane 70 0.17 
Butane 3l 0.57 
Propa ne 100 0.008 
Propane 44°F 0.92 
Hydrogen 46°R 0.01 
Nitrogen 138°R 0.40 
Oxygen 162°R 0.69 
Freon 11 75° 1.63 
Freon 22 91°F 1.28 
Freon 113 118°F 1.82 





It is quite conceivable that the dynamics of indivi- 
dual bubble growth and aistribution of nuclei might in 
some cases result in the volume of vapor calculated 
above for the static problem. In any case, it seems 
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reasonable clear that the problem is much more com- 
plex than the simple result of Eq. (13) would indicate, 
and that to decide between the various possibilities 
outlined above more experimental work must be 
undertaken, However, because of the complexity of 
the phenomen? to be investigated, the experimental 
apparatus should be considerably more simple than 
that of a centrifugal pump. In addition, it is impera- 
tive that the flow be visually observed when cavitating 
to establish what processes do occur for various fluids, 
at various temperatures, fluid velocities end cavita- 
tion numbers. 


Interest in the points just raised above led to the 
initiation of a modest research program at the Hydro- 
dynamics Laboratory at the California Institute of 
Technology. A smell, recirculating test circuit was 
constructed that could be filled with water of fluids 
such a Freeon 115. A transparent working section of 
glass about one inch in diameter and four inches long 
is provided to view the flow. Small objects such as 
plates or discs, are mounted in the working section to 
form a cavity. The temperature, pressure and velo- 
city can then be varied to see what conditions are 
necessary to maintain similar geometry of the flow— 
if indeed that is possible. Of more direct interest is the 
pressure within the cavity. This is measured by a 
“U” tube manometer as the difference between the 
vapor pressure of the bulk fluid, provided by a small 
closed vessel containing some of the working medium, 
and the pressure within the cavity itselfwhen the latter 

‘is sufficiently clear of froth to permit such a mea- 
surement to be made. The vapor pressure bomb and 
manometer are all enclosed and surrounded by the hot 
flowing medium in a large stilling chamber just 
upstream of the working section. Unfortunately, 
experimental results obtained from the apparetus 
just described are not yet available. However it is- 
hoped that some information that bears on this pro- 
blem w#l soon be forthcoming, and _ further, 
that it might contribute to yet another successful 
symposium still in the future. 
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Appendix I 


PARTIAL CAVITATION IN A CASCADE OF SEMI-INFINITE 
Fiat PLate 


I. Theory. Figure 6 shows the cascade geometry. 
The boundary conaitions or the cavity are placed or 
the upper portion of the chord, which is 1ergardec asa 
slit in the physical plane. The two halves of the slit 
are shown slightly separated for clarity. The flow 
approachesthe cascade with magnitude V, inclined at 
the angle to the chord, and ultimately becomes paral. 
lel to the chord. It is convenient to define a pressure 
coefficient hased upor the cavity pressure p,. Thus 


C,—(p—p,) 5 v,?=K =(v2—v?)/v,? (A-1) 
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On the cavity p=p, so that c,=0 there. However, 
from the detinition of the cavitation number and the 
Bernoulli equation 





P; —P,/ f v’°=K=(v,7/v,*) —1 


V, istegarded asthe characteristic velocity in the vici- 
nity of the cascade blades. Small perturbatiors with 
respect to V, in the horizontal ana vertical directions 
are symbolically written as 


_— a , 
V=u, v=V,+u,y, 
were u,, v, are much smeller than V,. 


At a general 
point ip the flow then. 


C, = [V2—(V2 + 2V,u, + u,2 + V2) x — 
I 
2+ a (A-2) 


The free streamline condition is therefore approxi- 
mately satisfied by setting u, equal to zero. 


Boundary conditions: The boundary conditions on 
the velocity function w=u—iv are as follows: 


(a) v=v,=0 on the wetted portion of the blade (i.e. 
no flow through the surface). 


(0) u,=0 on the cavity or u=v,. 
(c) w+V,e"% far upstream 


(d) It is assumed that the cavity 1s closed. This 
condition is equivalent to the statement that there is 
no net source strength in the flow. 


It can be shown that conditions (a) to (d) lead to a 
unique solution. Since wisan analytic function of z= 
x-+iy, themethods of conformal mapping can be used 
toobtain the solution to the boundary value problem 
given by Eqs. (A-3). 


Mappings: The array of slits in thez plane is trans- 
formed onto the real axis and upper half of the unit 
circle in the { plare (Fig. 7) in suck a way that the 
wetted portions of the blade lie along the real { 
axis exterior to the circle. The portion of the slit 
corresponding to the cavity is the upper half of the 
unit circle in tnis plane. The region exterior to the unit 
circle and in the upper half { plane is transformed irto 
the entire z plane. The sequence of mappings used is 


<< (x/2—r) —ir 
Z=C In¢ 1-t, +e In 


( _ -i(x/2—y) \ 
1—t, (A-4) 

and \ ‘ 
(t— By- at (t+ | ) (a5) 


* Model of free streamline flow that do not inyolve closed 
cavities are discussed by Parkin in (19). 
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In the intermediate (t) plane, all of the slits in the z 
plane are transformed into the real axis of the t plare. 
A certain length (b) of this axis comprises the cavity 
portion. Equation (A-5) willbe recognized as a Jou- 
kowsky transformation. which takes this segment 
into the upper half of the unit cirele. The point t=e' 
{x/—2y) corresponds to negative infinity in the z 
plane and in that plane. The connection between the 
cavity to spacing ratio ¢/2 and the parameter-b is 
gotten putting t=b in (4-4) to obtain 


ed { Cos yln (1-+b?—2b Sin y) +20, Sin r} 
(A-6) 
where 


@,=tan-' [b cos y/(1—b Sin y)} 


Velocity Function: Genera] procedures are available 
to solve mixea boundary of the type described by Eq. 
{A-3) and some of them are mentioned in (*'). Such 
an approach is not needed here, for it will be seen that 
the function 


A 
+1 


+2, +¢ 


W=u-iv= t— 


(A-7) 


satisfies all of the requirements of the present problem 
when constants A, B, C are suitably evaluated. The 
singular terms correspond to sources (sinks) at the 
leading edge of the hydrofoil and at the terminatior of 
the cavity. In addition (A-7) satisfies the bere-to-fore 
unmentioned physical requirement on the flow, namely 
that the minimum pressure in the flow be on the 
cavity. 


Boundary condition (52) is clearly satisfied by (A-7) 
if A, B, Care real since real { corresponds to the wetted 
portion of the blade. Condition (3b) is fulfilled if 


V,=} (A—B)+C=V,y/ Ik 


, Sas id 
since on the unit circle =e ~ and 


O\ A 
= (= )-3 (1-i tan @/2) — 


be| & 


- (14 cot §.) 
C 


-j.. 
1 


Condition (3c) 


—in 
V,C A 8 


= + +C 
i.t1 {,—1 


where f, isthe point corresponding to t=e(*—¥), To 
evaluate this expression it is convenient to transfer 
attention to the t plane by means of finding ¢ in terms 
of t from (A-5). After this is done, the complex 
velocity functior in the t plane is found to be 
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A= 


w ()=ASF 404 Fy * —F yy fb (a8) 





Application of (3c) then leads to a complex expression 
which, when separated into real and imaginary parts 
gives. 


V, CoS «= a +C+ oor Sule (7-41) 
(A-9a) 
V, Sin «= S002 [FP +al] (A-9b) 
where 
1=(1-+-b?—2 1 (sin y)#/4 (A-9o) 


The remaining condition is the cavity closure condition 
whick is equivalent tothe requirement of nonet sources 
in the flow. Onthe basis of this argument, the conti- 
nuity law requires the volume outflow to be equal to 
the inflow or with reference to Fig. (6) one has 
V, cos (y+ «,)=V, cosy (A-10) 
From (A-7) it can be seen that far downstream, 
j?7x2 and V,=C there. Thus 


C=V, cos (y+C)/cos y 


and all constants can now be determined in terms of k, 
« and c/2 fora given stagger angle y. A convenient 
form for calculatior obtained after some manipulation 
expresses the cavitation number ia terms of the para- 
meter b: 


leos « 


4/i—k= cos « —SIN « ?—(1—b) sin « ‘ 
, ie 1—b sin y a 
(1—1?) cos y—+/ 21 G-~ 12 ee 


- : iiadaianans 
‘ . : 
(1+F) cos y—2 ¥/ 21 ( an nage 





(2 


cos Y 


where / is given by Eq. (A-9) 


Discussion. Equations (A-6) and (A-11) constitute 
the solutior ofthe problem. For given values of b the 
cavity-spacing ratio is calculated from (A-6) and 
corresponding values of k are then determined from 
(A-11). Typical results are shown in Fig. 8 for vari- 
ous values of y at an angle of attack equal to six 
degrees. 
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Remarks on Cavitation in 
Turbomachines 


Fig. 1. Progressive Development of Cavitation 
on a Sphere 





Fig. 2. Tip Vortex Cavitation on an Axial 
Flow Pump 


Fig. 3. Development of Cavitation ina 12° Helical 
Inducer for a Flow Rate Coefficient O= 0.12. 
(These Photos are not Strictly in a Sequence 
Since They Are Taken at Different Times 
and Rotative Speeds). 
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u-iv velocity function, relative velocity to impeller 
Coordinate, quality of vapor-liquid mixture 
Coordinate 

x+y 
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Angular velocity (rad./sec) 


Pertains to inlet diameter 

Pertains to discharge diameter 

Characteristic velocity, perturbation quantities 
Pertains to liquid properties 

Pertains to vapor properties 

Refers to meridional quantity 

Pressure 

Denotes vapor pressure, 








Speed Control of a Prime Mover 





The automatic control of machines and processes 
for the purpose of maintaining some quantity constant 
at a desired value has achieved a position of great im- 
portance in modern technology. The continuing esta- 
blishment of higher standards of performance and the 
increasing complexity of the systems to be controlled 
have compelled the attention of large numbers of 
engineers and scientists and the application of advanc- 
ed analytical methods to the problems thus presented. 
So rapid and great has been the growth of the need for 
solving such problems that » new field of engineering 
comprising thousands of engineers and scientists has 
evolved in the last decade. This is Control Engi- 
neering, and its basic tool is servomechanism theory. 


Because differential equations comprise the mini- 
mum mathematics pre-requisite to a working under- 
standing of servomechanism theory, many people 
who are concerned in a very direct and practical way 
with the manufacture, operation and maintenance of 
automatic control systems find themselves at a lossto 
understand what is going on even in a very general and 
qualitative way. This paper will attempt to bridge 
the gap between the control theorists and those who, 
with limited technical training, are nevertheless 
concerned with the same mechanisms and problems. 


We will limit our efforts to a very specific area of ° 


automatic control—that of the control of the speed of 
rotating machines. ' 


Our intention will be to cover in an elementary 
manner the facts necessary for a general understand- 
ing of prime mover speed governing. No prior know- 
ledge of the field or even of the elementary mechanics 
involved will beassumed. Ourapproach must of neces- 
sity be reasonable explanation rather than rigorous 
proof of the technical matters discussed, and we must 
ask that many statements be accepted on faith. 


Little time will be spent on details of either gover- 
nors or prime movers, for these are covered in other 
bulletins. Rather, the important factors in the com- 
plete system comprisirg prime mover, load, and 
governor will be discussed in a general way so that the 
characteristics important to control results may be 
recognized. 


The Prime Mover has been defined as a mechanism 
which converts heat or hydraulic energy into mechani- 
cal power. This definition includes water wheels, 
steam engines and turbines (with theit boilers), gas 
turbines, gas, gasoline, and diesel engines; it probably 
should be extended to include wind turbines or “‘wind- 
mills,’’ It does not include electric or compressed air 
motors although these are at times controlled by stan- 
«lard governing devices. 


All of these prime movers, varied as they are in 
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construction and principle of operation, have at least 
two things in common; first, they derive their power 
from the flow of some Energy Medium (such as gas, 
fuel oil, or water); and second, they are rotating 
machines. In the usual case, their speed is congrolled 
by controlling the rate of flow of the energy medium, 
and thus the power developed. That the speed can 
be controlled by this method follows from considera- 
tion of the mechanical principles involved. 


MECHANICS 


Most of us have a feeling for Force. Physically we 
sense it as the muscular eftort required, for instance, 
to hold a pail of sand off the floor. The force in this 
example is due to the attraction called Gravity which 
exists between all particles of matter. We measure 
such a force in pounds weight or more briefly, pounds. 
The weight of a body is therefore the force, acting 
toward the earth, which results from the gravita- 
tional attraction of the body and the earth for each 
other. The property of a body which causes it to have 
weight, is its MASS. The mass of 2 body is a measure 
of the quantity of matter of which it is composed. 
Work is done when a force acts through a distance. 
Thus if we simply hold the pail against the force 
of gravity we do no work in the mechanical sense, 
even though we may suffer muscular fatigue. If we 
lift the pail, however, we do work on the pail and 
increase its Potential Energy. Thus work and energy 
are seen to be equivalent, the energy of a body being 
a measute of its capacity to do work. In this case, by 
reason of its position, it can do work on the supporting 
hand if a allowed to descend again to the floor. Com- 
pressed gas or a compressed spring similarly have 
potential energy. 


Mass imparts another important characteristicto a 
body. Anyone who has ever thrown a rock is aware 
that an effort is required to get it in motion. The 
property of the rock that requires this effort is the 
Inertia of its mass. This is exhibited in the tendency 
of a body to remain at rest, or if already in motion, 
to continue in a straight line at constant velocity 
unless acted upon by ar external force. This is New- 
ton’s first law of motion. When suchas external force 
acts on a mass, it imparts to it an Acceleration which 
is Rate of Change of Velocity. Velocity in turn is 
Rate of Change of Position. 


Weare primarily concerned with rotating machines 
in which the massesare forced to follow circular paths, 
rather than straight lines. In such a case, even 
if the machine is rotating at constant angular 
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velocity, that is, constant rpm, a force must be exerted 
to compel the particles to follow the curved parth. 
This isthe so-called Centripetal force, equaland oppo- 
site to the Centrifugal force which is utilized in the 
speed sensing ballhead to be described later; in a 
flywheel or other rigid rotating machine element the 
centrifugal force simply stresses the material. When a 
machine is properly balanced the centrifugal forces can- 
cel each other and, if not excessive, are of no further 
concern. However, the forces required to accelerate 
the particles tangentially, that is, to increase the 
speed of rotation, add up to a Torque which is propor- 
tional to the angular acceleration times the Moment 
of Inertia of the machine. Torque is a measure of the 
turning effort exerted and is proportional to the pro- 
duct of a tangential force and the length of the lever 
or crank arm on which it acts. The moment of in- 
ertia isa measure of the effective inertia of the mass of 
the machine in rotation. It is commonly expressed as 
WK? (usual units, pound feet squared), and the angular 
acceleration in rpm per second. This relationship 
between torque, moment of inertia, and acceleration is 
for it permits us to compute the acceleration of rate 
of change of speed of a prime mover for which we know 
the WK? if we also know the Net Torque. This torque 
is determined as follows. 


Torque times speed of rotation is Power. Therefore 
if speed is held constant, torque and power are pro- 
portional. Whena prime mover istunning at equilibri- 
umatagiven speed, the Required Torque (correspond- 
ing to the load power) is exactly equal to the Output 
Torque. This Output Torque is equal to the Developed 
Torque resulting from proper dow of the energy me- 
dium into the prime mover less the torque required 
by prime mover auxiliaries, friction and other internal 
losses in the machine. Under these conditions, the 
Net Torque, which is the difference between output 
and requited torques, is zero and no acceleration or 
change of speed can result. 


However, when the load (and therefore the required 
torque) is suddenly decreasea, the output torque 
will momentarily remain urchanged and there results 
an excess or net torque available which immediately 
produces 2n acceleration of the machine and the 
speed incteases. The magnitude of the total speed 
increase (for a given initial net torque) depends upon 
the rapidity with which the power developed can be 
changed (by the governor) to the new proper value, 
and upon the WK? of the machine. During the time 
that the power developed is greater than the load, 
an excess of energy is produced which must go into 
increased Kinetic Energy of rotation. 


Kinetic energy is energy stored in a body by reason 
of its motion; ir this case its rotation. It is proporti- 
onal to the WK? of the rotating mass times the square 
of the sp2ed ofrotation. Therefore, the larger the WK? 
the smaller the speed chonge necessary to absorb a 
given amount of excess energy. Similarly, if load is 
suddenly added, the momentary decrease in speed is 
less for the greater WK2, all else being equal. How- 
ever, other important tactors must also be considered 
in selecting the fly wheel for a givea unit, of which more 
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will be said later. Left to itself, the prime mover will 
not return to its original speed following a load change. 
To accomplish this it 1s necessary on overspeed, for 
example, to aecrease tae output torque below the new 
1equiled torque, thus producing a Deceleration or 
Negative Acceleratior. Itis the function of the gover- 
nor to do this automatically and to te-establish a 
torque balance when the machine is again at the desir- 
ed speed. 


SPEED CONTROL METHODS 


It has been noted that the usual way to control 
the speed ofa prime mover is by controlling the power 
developed. There are, by implication, other ways 
that should be mentioned. For instance, the flow of 
the energy medium may remain constant and its effec- 
tiveness, that is, the efficiency of the machine, varied 
to compensate for changing loads. An example of this 
method of control is the impulse type hydraulic tur- 
bine in which that portion of a constantly flowing 
water jet which is allowed to strike the buckets of 
the wheel, may be varied by positioning a “‘deflector 
hood”. Another is the wind turbine in which the pitch 
of the blades is adjusted to maintain speed under 
varying conditions of both load and uncontrolled 
energy medium flow. 


Wiere it is possible to control the load completely, 
speed may be maintained by adjusting the load tor- 
que to equal the torque developed rather than the 
reverse. Such a system is in common use in the 
constant speed aircraft propeller. In this case the 
engine power is set at a chosen value and the governor 
maintains the desired speed by varying the propeller 
pitch to provide the required load under changing 
conditions of aircraft speed and air density. 


What has been said indicates the manner in which 
the speed of prime movers can be controlled. It does 
not establish the necessity for automatic control in 
the face of the fact that thousands of prime movers 
are operating without it. Obviously, automatic con- 
trol must be much more important in some cases 
than in others. The difterences responsible for this 
fact are to be found in the characteristics of the prime 
movers and their loads. 


Although most of that which will follow is pertinent 
tothe control of prime movers in general, it is conveni- 
ent to be more specific when presenting examples; in 
such examples, therefore, we will assume internal 
combustion engines as prime movers, since they are 
relatively well-known to nearly everyone. 


PRIME MOVER CHARAC1ERIS1ICS 


The ultimate purchaser ofa prime mover is interes- 
ted in its performance primarily with regard to its 
efficiency and service life; in general, he assumes that 
satisfactory control will be provided. The control 
engineer, however, isconcerned with other steady-state 
characteristics, andeven more with its dynamic charac- 
teristics. The sort of information he needs has not 
been readily available in the ‘past, and considerable 
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effort has been expended in securing such data and 
in enlisting the cooperation of the prime mover manu- 
facturer in providing it. This becomes an easier task 
as the importance of these data in the design of a 
satisfactory control system becomes more generally 
recognized. 


One very important steady-state characteristic is 
the manner in which the output torque varies as speed 
changes, the gate or throttle remaining fixed. If 
this torque decreases with increasing speed, as is the 
case in varying degree with all turbines and naturally 
aspirated gas and gasoline engines, the unit tends 
to be ‘‘self-regulating’’; that is, if the required torque 
remains constant, the net torque resulting from the 
change in speed is in the direction to oppose further 
change (Fig. 1). This characteristic is sometimes 
referred vo as Damping. It can also be present in the 
load, as will be seen later. A large amount of dampirg 
in the controlled system makes the job of stable 
control easier. However, the speed deviations re- 
sulting from large load changes at fixed throttle even in 
such units are much too large to be tolerated, and a 
governor is required to maintair acceptable speed. 
Nevertheless, if only small, or in any event slow, load 
changes are experienced, as in a marine drive, speec. 
can be held very satisfactorily by manual positioning 
of the throttle. 


In the case of a gasoline engine with gear ariven 
supercharger, it is possible to have a condition in 
which with increased speed the blower more than 
compensates for increased induction losses, and in- 
creased output torque may result (Fig. 2). Thus a 
change in speed produces a net torque in the direction 
to further change the speed, and Negative Damping 
results. Manual control of such a system is very 
difficult, and with automatic control stabilizing forces 
must be introduced by the controlling governor 
in greater degree than would be required for the 
first example. 


If injector peculiarities are neglected, the diesel 
engine will, for a giver fuel rack setting produce a 
torque which is substantially independent of speed 


(Fig. 3) 


It may be of interest to point out that the self-limit- 
ing characteristics of the unsupercharged or normally 
aspirated gasoline engine will, in most cases, establish 
a balance between the torque required to overcome 
friction and windage losses and the torque developed 
in the unloaded engine at full throttle at a speed 
sufficiently low to prevent self-destruction. This is 
also true of modern hydraulic turbine designs. How- 
ever, it isnot so in the case of the diesel engine. There- 
fore in applications where there is a possibility of 
sudden loss of load, a governor, at least as a maximum 
speed limiting device, becomes a necessity for the 
diesel. 


In the preceding discussion we have considered 
only the steady-state characteristics of a few typical 
prime movers at fixed throttle. Assoon as the governor 
takes charge, the fixed throttle condition disap- 
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pears and many other factors become important. 
We also know that in practice a truly “steady-state” 
condition never exists and therefore, ir the presence 
of continually changing conditions we must take ac- 
count of the transient or dynamic characteristics of 
the prime mover and its load. 


One of the most important considerations from a 
control stand point is the time which elapses between 
the movement of the gate or throttle toa new position 
and the development of torque at the corresponding 
new level. This lag in response varies greatly between 
prime mover types and is one of the principal 
reasons for the differences between them in control 
results. 


In the case of a hydraulic turbine the most serious 
lag results from the water itself. This water has mass 
and inertia and there is a limited force (the head) 
available to accelerate it to a new flow rate. There- 
fore, if load is suddenly added, it does no good and 
may do harm to open the gates faster than the water 
can accelerate. During this period of deficiency in tor- 
que developed, the wheel will underspeed. Similarly 
load rejections, time is required to decrease the flow 
rate; in this case because of the pressure limitations of 
the conduit. The water wheel case isfurther complica- 
ted because, as the gate opening is decreased there is, 
initially, little change in flow rate (because of the time 
lag mentioned), and therefore the velocity of the water 
impinging on the runner momentarily increases with 
a resulting increase instead of a decrease in torque. 


In internal combustion engines the time lag has 
three components: the lagin the manifold (if a gas or 
gasoline engine), the dead time between the charging 
of the cylinder with fuel and its conversion to torque, 
and the time required for all the cylinders which 
simultaneously contribute to thedeveloped torque to 
be firing at the new level. The last is present in all 
engines in which more than one cylinder at a time is 
producing torque and isapparent when one considers 
that even the charging rate instantaneously follows 
throttle movement and cylinder instantaneously 
begin charging at the new level, some are currently 
pring at the old level and until all of these have been 
replaced by cylinders charged at the new level, full 
torque development at the new level will not have 
been achieved. In the case of a diesel engine this is 
the only time lag of any magnitude and amounts to 
perhaps one-third revolution in the average case. 


The “‘dead time” varies greatly and is least in the 
usual diesel and greatest in the 4 cycle gas engine. 
This accounts in no small measure for the differences 
in control of dual fuel engines on oil and gas. In a 
4-cycle normally aspirated gas engine, fuel is admitted 
during the suction stroke and does not appear as torque 
until nearly a fullrevolution later. Ina similar 2-cycle 
engine, fuel enters near bottom dead center and begins 
to appear as torque shortly after top dead centre 
or after a dead time of approximately two-third revolu- 
tion. Since the diesel adds fuel at the beginning of the 
power stroke, substantially no dead time exists. 
Dead time may be reduced to a minimum in a gas 














HYDRAULIC MACHINES SYMPOSIUM—SEPTEMBER 1960 


engine by injecting gas at high pressure at the same 
point in the cycle. Such gas engines rate in controll- 
ability very close to diesels. 


It should be noted that the two time lags just 
mentioned were described in magnitude in terms of 
revolutions of the crankshaft and that they therefore 
decrease in true time as the sp2ed of rotation increases, 
being in fact inversely proportional to speed, all else 
being constant. 


The first time lag mentioned was that due to the 
volume of the intake manifola and the compressible 
nature of thefueland is subject to perhaps the great 
est variation ofall. The manifold, by its accumulator 
action, makes it impossible for the pressure ahead of 
the gas intake valve to follow quickly changes in 
throttle position. This pressure then gradually at- 
tains its new equilibrium value after an instantaneous 
change in throttle position, and the developed torque 
is correspondingly delayed in reaching its new level. 
This lag is very frequently the largest of the three men- 
tioned, although in later designs steps have been taken 
to decrease it. The most improvement, short of high 
pressure injection, issecured by placing a control valve 
at each cylinder with minimum volume between it 
and the gas intake valve. 


These delays affect control adversely in two ways. 
First, it is obvious that the speed deviations resulting 
from load changes will be greater the greater these 
time lags even though the throttle were instantly 
moved to the proper new position, because of the 
resultant delay in making the needed corrective change 
in the developed torque; second, it is necessary to 

‘increase the compensation setting of the governor in 
order to secure stability of a system with such lags, 
which results in decreased speed of throttle move- 
ment on speed change and still greater speed devia- 
tion before recovery. For these reasons, the quality 
of control, that is, the accuracy with which the desired 
speed is maintained, even at design load conditions, 
will be poorer as the time lags mentioned become 
greater, all else remaining the same. 


Turbo-supercharging is important because of its 
increasing use on both diesel and gas engines. In spite 
of the large time lag introduced by the turbo-char- 
ger, which results from its slow acceleration, steady- 
state stability is practically unaffected by its presence. 
This is for the reason that, for the small fuel changes 
necessary to maintain speed under steady-state load 
conditions, there is adequate air available without 
change in supercharger speed, and the transients are 
over before any significant change in that speed can 
occur. For large load increases, however, the story is 
quite different. In such cases the air needed to burn 
the fuel required by the new load may not be available 
until the turbine and compressor have had time to 
speed up, with the result that serious smoking or even 
a stalled engine may result. Thisis a problem outside 
the scope of a simple speed governor and additional 
controls are required to limit the fuel to an allowable 
amount. Under this condition full load torque is 
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unavailable instantaneously either for carrying load 
or accelerating from a lower speed. 


Another engine characteristic of great importance 
to control is its moment of inertia, WK®, or “flywheel 
efiect’’. This must include, of course, the WK? of its 
driven machine, such as an alternator. As mentioned 
earlier, any difference between torque developed and 
torque required by the load must go into acceleration 
or deceleration of the machine. For a given torque 
difference this acceleration, positive or negative, is 
inversely proportional tothe WK?; that is, with twice 
the WK? a given engine will change speed only half 
as fast. In general, therefore, greater WK? allows 
more time for the throttle to move in the corrective 
direction and permits maintaining speed with less 
deviation. But WK? costs money, and a compromise 
value is usually selected. Furthermore, it is possible 
to get worse control results by adding WK? is such 
addition brings the natural frequency ofa synchronous 
machine closer to resonance with some forcing fre- 
quency , as will be mentioned later. 


It should be noted here that upon full load rejection, 
and with fuel completely off the only torque available 
to decelerate the engine is that of friction, windage 
and whatever other internal loads the idling prime 
mover may have. Therefore it may take an appreci- 
able time for it to return to speed, and the greater the 
WK? the longer this time. 


The addition of WK? is not an unmixed blessing 
from the control transient standpoint even for normal 
load variations since the speed of recovery from a dis- 
turbance is adversely affected under such conditions 
as well. This implies compromise, in the usual case, 
between speed deviation and time of return to speed, 
and the choice of WK? may frequently be determined 
by which of these is the more important in the giver 
application. 


Few engine characteristics have more effect on con- 
trol stability than the relationship between developed 
torque and throttle position, and careful attention to 
the design of this detail is well repaid in performance, 
In the usual diesel injector this is an approximately 
linear relationship, and this together. with the small 
time lag in response, provides a system relatively easy 
to control. At the other extreme is a gas or gasoline 
engine with fuel controlled by an ordinary butterfly 
valve. In such a valve, the initial opening movement 
effects a relatively large change in fuel flow. In this 
region of light load it is quite usual to require more 
compensation or stabilizing effect in the governor 
than is required at full load. Since this stabilizing 
effect is proportional in magnitude to the movement 
of the governor servo, the small movement required 
at low load and the large movement at high load fora 
given change in developed torque produce a result 
just the reverse of that desired. Considerable 
improvement can often be secured by properly design- 
ing the linkage so that angularity may be taken ad- 
vantage of to given large governor movement for small 
throttle movement at no load (Fig. 4). Another solution 
is to use a valve with ports contoured to give the pro- 
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per area change for a given movement throughout the 
stroke. By these means, we can if we wish even pro- 
vide greater governor movement and therefore more 
compensation at light loads than at full load. 


This feature may be especially desirable in certain 
engine designs in which the fuel/air ratio is optimum 
only at high loads and which, forthis reason or because 
of lower compression pressures, tend to run erratically 
at light loads. This chararteristic is present in almost 
all gas engines to some degree and contributes its 
share with the factors mentioned above tothe generally 
poorer control obtainable with gas and dual fuel en- 
gines on gas as comp2red with diesel operation at 
light loads. Improvements in dual fuel operation on 
gas at light loads have been observed to result from 
increasing the pilot fuel used. This is probably due 
to the fact that, since a larger percentage of the load 
is carried on the more uaiform oil, the effect of fluct- 
uation in the energy supplied by the gas and the time 
lags involved in the gas control are reduced, and that 
increased pilot fuel tends to provide more uniform com- 
busion of the gas that is used. At full load which 
approximates the condition for which they are design- 
ed, all engines tend to run better and control easier. 
The exception is usually due to resonance appearing 
under thisload condition either in synchronousmachine 
or incriticals within the engine itself which, pxssed on 
to the governor through its drive, cause undesirable 
speed variations and seemingly erratic control results. 


LOAD CHARACTERISTICS 


Although much has been said about prime movers, 
it is not intended toimply that the load characteristics 
are of lesser importance in determining the over-all 
control results. Unfortunately, however, usually 
nothing can bedoneaboutthem; they must beaccepted 
as they existand taken into account in the control 
design. For instance, consider the type of load ex- 
emplified in the marine propeller, the airplane propel- 
ler, and the fan or blower. It is a fair appvoximation 
to say that the torque required by such a load varies 
directly as the square of the speed; that is, a 1% 
increase in speed would require a 2°, increase in 
engine torque. Such a load is considered to have high 
positive damping; in fact, about the highest that is 
normally encountered. Combination with a prime 
mover such as a steam turbine which also has positive 
damping results in a very stable system with a high 
degree of “self-regulation”, as described before (Fig. 5) 


A direct current generator with constant excitation 
generates a voltage. directly proportional to speed. 
Such a generator supplying a resistance load would 
have a power output proportional to the square, of 
the speed and a required torque directly proportional 
to the speed. This load would also have’ positive 
damping but to a lesser degree than propeller and 
blower. However, if this generator were equipped 
with voltage regulator sufficiently fast in action to 
compensate for the changes in speed and maintain 
the voltage constant, the results would be quite diffe- 
rent. In this case the power output would remain 
constant since the voltage is not permitted to change, 
and since power is p:oportional to speed times torque, 
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an increase in speed would be accompanied by a 
decrease in torque, and negative damping would 
result. If driven by a diesel which has substantially 
no damping, the result would be an unstable system 
and the controlling governor would have to exert a 
much greater stabilizing influence than in the case 
first described (Fig. 6). 


The above ex vmple serves to illustrate another fact 
which is frequently overlooked; that is, that other con- 
trols such as voltage and pressure regulators operat- 
ing on the s2me controlled system can and often do 
have a definitely unstabilizing influence. In such 
cases it may be that any one of the several control 
systems operating by itself is perfectly satisfactory 
wnd completely stable, but combined operation is 
impossible. Theusual solution to this problem is to 
select the quantity for which the most accurate con- 
trol is desired, such as the speed, and make its con- 
trolas fast and accurate as possible, assuming all other 
quantities constant; then the controlsof the secondary 
variables are deliberately made sufficiently slow so 
that this assumptionis substantially true during the 
time of the speed transient. 


The loads just described are characterized by 
chinges of torque with speed, but they contain no 
equivalent to the Synchronizing torque which exists 
in an alternator supplying a synchronous load. In 
this case torque equilibrium is not re-established 
upon return to synchronous speed only; there is an 
additional torque which is dependent upon the position 
of the alternator rotor relative to the synchronous 
field, as though the load were driven through a torsion 
spring. This type of load will be discussed later and it 
is desired at this time only to point out that, because 
of this synchronizing or “spring” torque and the: 
rotating mass, a natural frequency of oscillation about 
the eqil'brium synchronous &peed' position exists. 
This facet mikes an entirely different problem of the 
control of an engine driving an alternator. on 
synchronous load-as compared with the same machine 
off the line or supplying @ non-synchronous load 
such as heaters or lamps. Even with the later load, if 
other alternators aré paralleled with the unit in ques- 
tion a synchronizing torque exists between them. 


SPEED GOVERNORS . 

In the foregoing discussion we have concerned 
ourselves primarily with the effect of engine and load 
charactristics on governing rather than with the gover- 
nors themselves, to- which we now turn our attention. 
The use of the word “‘precision”’ as it is used in connee- 
tion with speed governors implies that there. are 
governors which are not precise, o1 that there are-vary- 
ing degrees of precision in governor control! This is; of 
course, true. It is also true that for many ‘purposes, 
such ‘as limiting-“controls in the. automotive field, 
relatively crude andinsensitive governors are perfectly 
adequate forthe job required ofthem. Anoutstanding 
example of this type of govetnor is that used to 
control the throttle on small engines such as those used 
to powet lawn mowers, In this case a flat vane is 
placed in the blast from the cooling fan and so pivoted 
and connected to the throttle valve that an 








HYDRAULIC MACHINES SYMPOSIUM—SEPTEMBER 1960 


increase in the air blast resulting from increased 
speed moves the vane against a light spring in the 
direction to close the throttle (Fig. 7). This represents 
about the ultimate in inexpensive governing, yet it is 
completely adequate for the application. Our interest, 
however, lies with thejob which requires high accuracy 
of control and the availability of considerable force 
to operate the throttle. Such a problem does not 
yield to such a simple and inexpensive solution. 


It is apparent from what has gone before that a 
speed governor must include at least two components; 
a speed sensing element and a device to operate-the 
throttle. In the simplest governors, as we have seen, 
these may be one and the same. Waere considerable 
force is required, however, an additional device called 
a servomotor is required. This servomotor, ‘capable 
of exerting the required force, is controlled by a speed 
sensing element which in itself may have very little 
energy available at its output. A number of means 
which are used for sensing speed changes andactuating 
the gate or throttle will be mentioned. 


Aspeed senser of long standing consists of a centri- 
fugal pump in which the dead-end or zero flow pres- 
sure is taken as an indication of speed (Fig. 8). 


Another uses a constant displacement pump dis- 
charging through a fixed orifice, the pressure drop 
across the orifice being indicative of speed (Fig. 9) 

A number of electrical schemes have been used 
including a small d.c. generator with permanent 
magnet field for which the output voltage is pro- 
portional to speed (Fig. 1)) 


A variation of this scheme which eliminates com- 
mutator and brushes uses a small permanent magnet 
alternator, the output of which is rectified, the d. c. 
voltage being used as before (Fig. 11). 


A third electrical scheme uses the permanent magnet 
alternator, but feeds its output into a frequency sensi- 
tive network which provides a signal approximately 
proportional to the deviation in speed from an equili- 
brium value (Fig. 12). 


All of the above have their advantages. and - dis- 
advantages which determine their fields of applica- 
tion. Woodward has considered and following special 
purposes used most of them, but the speed sensing 
device preferred for its sensitivity, ruggedness, and 
the usefulness ofits output is the centrifugal ballhead. 


This mechanism is probably the oldest and certainly 
one of the simplest of speed sensing devices. It 
dep2nds for its op2tation upon the fact that a force is 
required to compel a mass to follow a circular path, 
as mentioned earlier. This force is proportional to 
the square of the speed of rotation and to the first 
power of the distance of the mass from the axis of 
rotation. In its best known form the bullhead consists 
of a piir of weights, usually spherical, at the ends of 
two arms pivoted near the axis of rotation in such a 
way that flyweights can move radially in a. plane 
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through the axis. Additional links are attached to 
the arms and collar about the axis to form a parallelo- 
gram configuration. Thus, when the weights move 
outwardly, the collar moves up (Fig. 13). Since the 
centrifugal force always acts at right angles to the 
axis of rotation, it exertsa torque about its pivot equal 
to the product of the force times the vertical distance 
of the ball below the pivot. This torque is opposed and, 
if no other forces are present, must be balanced at 
equilibrium by the torque of gravity, which is equal 
to the weight of the ball times the horizontal distance 
to the pivot (Fig. 14). Thus as the speed increases 
the centrifugal force torque arm and increasing the 
gravity torque arm until equilibrium is reached. 
This results in a unique equilibrium position of flyball 
and collar for each speed of rotation. In the direct 
mechanical governor this collar is connected to the 
throttle so as to close it as the flyweights move out- 
ward. Early steam engine governors were of this 
type. It should be noted that the unique relation be- 
tween speed and position of ballhead and collar no 
longer exists if friction is added to the system. This 
is for the reason that as speed increases from an.equi- 
librium condition the centrifugal force torque must 
reacha valueequalto the gravity torque plus that due 
to firection before movement results. Similarly on 
decreasing Speed the centrifugal torque must go down 
toa value equal to the gravity torque minus that due 
tofriction, The result isa so-called “dead band’” or re- 
gion in which thespeed may wander without producing 
a corrective motion of the throttle. Effortsto minimize 
this dead band resulted in the huge cast iron flyweights 
common to early mechanical governors. 


From the above it is apparent that for greatest 
sensitivity the force available from the ballhead upon 
a small speed change should be large relative to the 
force required for control. There are two approaches 
to this problem; the friction of the entire system and 
the force required for contro] may be minimized, or 
the force available from the ballhead upon a small 
speed change may be increased. The second is accom- 
plished when the size of the ballhead is increased or 
when a small ballhead is run at high speed, The first 
implies careful construction to reduce friction, and 
removal of the throttle load to a servomotor control- 
lable by a ballhead output of low power level. Over 
the years the centrifugal ballhead has progressed 
through a great number of design configurations to 
reach the form currently used in Woodward governors 
(Fig. 15). As used in the governors for internal com- 
bustion engines it usually consists of two weights 
with their centers of mass approximately the same 
distance from the axis of rotation as the pivots about 
which they. swing. So-called “toes” are arranged 
substantially at right angles to the body of the fly 
weight (they aren’t “‘balls’’ any more) in such a 
way that as the weight moves toward and away fram 
the axis of rotation, the toes convert. this motion to an 
axial movement of Pilot’ Valve or Speeder 
rod through a suitable thrust bearing. The 
centrifugal force is opposed and balanced by the 
force exerted by a compressed Speeder spring 
‘instead of gravity. In some designs the toes are on 
the center line, and since they move in an arc, some 
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sliding with resultant friction takes place. In other 
designs the toes are offset and contact the thrust 
bearing ona line at right angles to their plane of move- 
ment so that the arcuate movement is converted into 
a slight rotation ofthe thrust bearing with a minimum 
amount of sliding friction (Fig. 16). Friction is fur- 
ther reduced in the more sensitive designs by the use 
of antifriction bearings at the pivots. These precau- 
ions are taken to reduce the Dead band which 
results from friction as described earlier. 


It might be noted here that complete elimination of 
friction from the ballhead produces an undesirable 
result. This is for the reason that the flyweight-spee- 
der spring combination, forming a pendulum system, 
will tend to oscillate after a disturbance, giving a 
false indication of spzed deviation. It is desirable to 
have sufficient damping in the system so that it will 
return to equilibrium with no more than one very 
small overswing. It would appear that this might best 
be done by utilizing a dashpot to provide viscous 
damping for a frictionless ballhead, inasmuch as 
this would give the required damping without produ- 
cing dead band. A new Woodward ballhead for the 
cabinet actuators is, in fact, designed this way, but 

timarily for different reasons. In this case it was 
felt that this inherently more expsnsive construction 
was justified in ordertoachieve maximum performance 
over a long period without lubrication. In the smaller 
governors lubrication is inherent in the design, and 
this construction is unnecessary, since the amount of 
friction required for satisfactory damping is so small 
that the best we have been able to accomplish in the 
reduction of friction in the pivoted ballhead still 
leaves enough for adequate damping and is at the 
same time sufficiently low to provide an acceptably 
small dead band. 


As stated above, the force necessary to restrain tne 
flyweight, in this case by loading of the flyweight 
toe, increases with the square of the spzed and directly 
with the radial distance of the flyweight center of 
gravity from the axis of rotation. Thus, at a given 
speed, the force will increase as the flyweight is 
permitted tomoveout. What is called the “fiyweight 
scale” is the rate at which this force increases with 
movement, referred to the flyweight toe. Thus if at 
some speed 4 movement of 010” at the toe producesa 
force change of 0.2 lb. the flyweight is said to have a 
scale of 20 lb/in.. which for the usual ballhead with two 
flyweights is 40 lb/in ballhead scale. Fora given ball- 
head this is different at each speed, in fact varying 
proportionally with the square of the speed. 


It should be noted that as the flyweights move out, 
the speeder spring is compressed. Since the speeder 
spring also has a scale, this results in an increase in 
the force opposing flyweight movement. If this 
increase is less than that of the ballhead for the same 
movement, instability results. In other words, if a 
condition of equilibrium exists which merely requires 
ballhead and spring forces to be equal, and a slight 
displacement of such a combination takes place, the 
new forces of ballhead and spring are not equal and 
the net force isin the direction to continue the motion. 
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Such a ballhead and speeder spring combination will, 
upon varying speed over the necessary range, snap 
quickly from one extreme position to the other. This 
characteristic may be designed into an overspeed 
trip, but it is useless in a regulating governor. 


If, on the other hand, the scale of the speeder spring 
is appreciably greater than that of the ballhead, a 
stable system results; one having a unique equilibrium 
position for each speed within the range of movement 
of the flyweights. Regulating governor ballheads are 
so designed. By properly choosing the ratio of speeder 
spring and ballhead scales a wide range of sensitivities 
or movement of pilot valve for a given speed change 
canbe had. The best choice, however, depends upon 
the nature of the system which the governo1 is to 
control. 


Thus far no mention has been made of an additional 
force factor which must be taken into account in 
ballhead design, namely the hydraulic reaction force 
exerted on the piston type pilot valve due to flow of 
oil through the ports. This force, for the usual range 
of port openings, is in the direction to re-center the 
valve and varies approximately linearly with the valve 
opening. Thus this force also has a scale which, in 
the case of the directly connected valve, is additive to 
the spring scale, and if not taken into account may 
produce a ballhead of much lower sensitivity than 
anticipated. The magnitude of this force is a function 
of the flow through the valve and the pressure drop 
across it and is the principal limiting factor in the 
determination of the size of valve that can be satis- 
factorily actuated by a ballhead of given size. 


This implies that control of large oil flows, as requir- 
ed in water wheel governors, could not be handled 
directly by a ballhead of reasonable size. This prob- 
lem is solved in cabinet actuators and water wheel 
governors by the use of an additional valve. This 
valve, capable of controlling large oil flow, is arranged 
So that it takesa position proportional to the speeder 
rod position, but actuated by a hydraulic force many 
times greater than that available from the ballhead 
(Fig. 17) 


As has been mentioned, the ballhead force and scale 
vary with the square of the speed. This suggests that 
todesign a speeder spring for widerange operation may 
be something ofa problem, since it is desirable to have 
a nearly linear relation between speed and speed 
setting and since for proper operation the ratio be- 
tween spring scale and ballhead scaleshould not vary 
too much. The problem has been quite satisfactorily 
solved for speed ranges of six to one and, in special 
cases, even higher, by the trumpet shaped or conical 
spring. This spring has a non-linear load deflection 
curve (Fig. 18) since it is so wound that at light 
loads all turns are active, resulting in a low spring 
scale when the ballhead scale is low, while at high 
loads the larger turns close out, providing a stiffer or 
higher scale spring for the higher speeds. 


Despite the obvious changes which have taken place 
during the evolution of the ballhead from its crude 
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beginnings, the qualities which recommend it remain 
substantially the same it is rugged and simple 
mechanically, has a useful output at a reasonably 
high power level, is relatively insensitive to tempera- 
ture changes, and is simply adjusted as to sp2ed sett- 
ing. For these and other reasons this type of speed 
sensing device is widely used in our governors in 
conjunction with a servomotor to provide a high power 
level output. 


Various typ2s of servomotors are worthy of con- 
sideration. In the case of hydraulic turbine gatesit is 
obvious that the energy required for their operation 
mikes direct control by the speed sensing element 
impractical. In the early water wheel governors the 
power required was taken mechanically from the con- 
trolled water wheelthrough clutches selectively operat- 
ed by the ballhead. As control power requirements 
became greater and higher speeds of gate movement 
were made necessary by the demand for better 
regulation, the practical limit of the simple clutch 
system was reached. Even for power requirements 
well within its range, this mechanism has certain 
disadvantages as a control servo, such as the diffi- 
culty of securing and maintaining a small dead band, 
and, more important the fact that its speed is propor- 
tional to prime mover speed regardless of magnitude 
of speed error. The latter characteristic makes stable 
operation difficult because of the tendency to over- 
correct for small errors. It is desirable to have the 
speed of servo movement proportional to speed error 
at least for smill errors, and an apptoximation of this 
can besecured by intermittent operation of the clutch, 
decreasing the per cent of time engaged as the unit 
speed appreaches the proper value. However, this 
means added complication and more clutch wear. 


With electric motors so common, their use as servo 
units is an obvious possibility. As in the case of the 
clutch controlled servo, the power required is a vital 
factor in determining the suitability of electric motors 
as servos. For water wheel gates where large forces 
and rapid movements (that is, considerable power) 
are involved, the size and cost of the electric servo be- 
comes objectionably large. Furthermore, control 
such a motor, continually started, stopped and rever- 
sed, is a serious problem. A further objection is that, 
the inertia being relatively high, the sped of response 
is slower than desired. 


For relatively low power requirements, or where 
high sp2ed of response is not essential, the electric 
servomotor finds entirely satisfactory application; 
but for our purposes it does not compare favorably 
with the hydraulic servo. 


The hydraulic servo has a great many desirable 
characteristics to recommend it and comparatively 
few objectionable features, 


Without storage accumulator, the combination of 
hydraulic servo and pump driven by the controlled 
prime mover offers a relatively inexpensive, light- 
weight and compact means of providing power for 
control. With accumulators, power can be supplied 
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for a short time, say long enough to make one or two 
full servo strokes, at a very high level without the 
necessity for increasing pump size (Fig. 19). This is 
important where pumps may be electric motor driven 
or where a limited volume of oil makes heating a pro- 
blem. Control of a hydraulic servo is very readily 
accomplished with little expenditure of energy by 
means of a piston type valve. If relative rotation 
between plunger and sleeve of such a valve is used, 
frictional opposition to motion is substantially elimi- 
nated so that speed sensitive elements of low energy 
output may actuate directly a valve controlling a 
fairly large and fast servo. Furthermore itis inherent 
in such a control that the speed of servo movement 
decreases as the valve approachesits equilibrium posi- 
tion. The mass of the moving parts is so low com- 
p3red with theforce available, that the response of the 
hydraulic servo is extremely rapid. If oil is used as 
the hydraulic fluid, lubrication is inherent. True, the 
possibility of oil leaks, difficulties with flow at ex- 


_tremely low temperatures,and the necessity for main- 


taining the oil clean may be considered disadvantages, 
but they are at most no greater than those inherent 
in other systems and are for our purpose far out- 
weighed by the advantages outlined above. 


Having given consideration to the relative merits of 
the various governor components discussed above and 
the accumulated experience of ourselves and others, 
we have chosen to build our governors around the 
hydraulic servo of the reciprocating piston type and 
the centrifugal ballhead actuating a piston type pilot 
valve. Other types of hydraulic servo such as the 
vane type unit capable of movement of less than one 
revolution, and the hydraulic motor capable of contri- 
nuous rotation have found special application, but 
the simplicity and dependability of the reciprocating 
piston have thus far not been surpassed for general 
use. Three types of reciprocating piston servos are 
used. : 


These are the double acting piston, requiring a 
pilot valve having two control lands simultaneously 
regulating flow of oil to and from opposite sides of the 
piston and connected to its load by a relatively small 
diameter piston rod projecting through a seal at one 
end (Fig. 19); the single acting spring loaded piston, 
in which hydraulic force under control of a single 
land pilot valve overcomes spring and external 
load in one direction and the spring discharges the 
oil from the cylinder and overcomes external load in 
the other direction (Fig. 20); and the differential 
piston, in which in effect the piston rod becomes large 
enough to reduce the effective area on its side of the 
piston to one-half that of the other side. In this case 
oil at supply pressure is maintained in the small 
area end of the cylinder and oil controlled by a single 
land valve is caused to flow in and out of the other 
side (Fig. 21). In all cases the design is such that 
substantially identical forces are available in both 
directions of motion. All three of the above servo 
types are used in Woodward governors, the choice 
being determined by the circumstances surrounding 
each governor requirement. 
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INDIAN 


The basic principle of operation ofthe centrifugal 
ballhead and the general form in which it is used in 
most Woodward governors has been described above 
(Fig. 15). However, ballheads appear in a number of 
variations, the design being dictated in detail by the 
specific requirement. The same basic principlesapply 
to all. Theservomotor is sosimple in principle as to 
require no further description than has already been 
given. 


Let us now consider the simplest form of hydraulic 
governorin which the ballhead and pilot valve described 
control a simple reciprocating piston servo. An ade- 
quate oil supply is assumed to be available. For the 
sake of discussion let us assume that the governor is 
to control a diesel engine. The ballhead is driven at a 
speed propertional tothat ofthe engine and the serve 
is connected to operate the fuel racks (Fig. 22). It 
should be noted that the simple combination of ball- 
head and directly connected pilot valve has only one 
equilibrium position the position in which the valve is 
closed, neither admitting oil to nor discharging oil 
from the servo cylinder. For a given setting of the 
top end of the speeder spring, the ballhead and valve 
will take this position at only one speed; in other 
words, such a speed sensitive device is inherently 
isochronous. Unfortunately, such a system is also 
inherently unstable. This is because the engine speed 
does not instantly assume a value proportional to the 
rack position due to the inertia of the rotating mass. 
Therefore, if the engine is below the governor speed 
setting, the pilot valve is positioned to move the 
servo to increase the fuel. By the time the speed has 
increased to the setting so that the valve is centered 
and the servo stopped, the fuel has already been in- 
creased too much and the engine continues to speed 
up. This opensthe pilot valve the other way and beings 
to decrease fuel. As before, when the speed gets to 
the right value, thefuelcontrol has travelled too far, 
the engine underspeeds, and the whole cycle continues 
to repeat. Some means for stabilizing such a system 
must obviously be added to the two components we 
have described to secure a satisfactory governor. 


The simplest method of securing stability in the 
system described is to add means which will provide 
Speed Droop in the governor which in turn results in 
Regulation in the governed system. The distinction 
between these terms will appear as we proceed. 


Forsomeobscurereason,theu nderstanding ofspeed 
droop seems to give difficulty out ofall proportion to 
its complexity. It is nothing more than the governor 
characteristic which requires a decrease in speed to 
produce an increase in throttle or gate. Since an 
increase in throttle or gate is required if the prime 
mover is to carry more load, it follows that increased 
load means decreased speed. Why the addition of 
speed droop should stabilize an otherwise unstable 
system is readily seen froma consideration of the diffier- 
ential equations of the two systems. However, since 
this explanation is not universally satisfactory, let 
us consider an analogy within the experience of all of 
us. 
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Assume that the machine which is to be controlled 
is an ordinary automobile with foot throttle. The 
driver of the car is to function as servo in operating 
this throttle. For speed indication we will use the 
speedometer, slightly modified; that is, we will replace 
the speedometer needle with a solid disc, half red and 
half green, with the dividing line where the needle 
pointer formerly was. On the face of the speedometer 
we will place an opaque disc having a very narrow slot 
near the edge through which we can see the indicating 
disc. This slot may be positioned at will'as an adjust- 
able speed setting, but we will assume it to be at the 
location corresponding to 50 mph, the speed which we 
wish to maintain. The driver is to attempt to main- 
tain this speed by reacting to the speed indication as 
follows: whenever the slot appears red, indicating an 
overspeed, the throttle is to be completely closed; if 
green, completely opened. It isassumed that someone 
else will watch the road. Suppose our car to be rolling 
along at equilibrium at 50 mphand tocome to a slight 
upgrade. The speed willdrop, theslot will show green, 
and the driver will tramp the throttle to the floor. 
The car will then speed up, the indication will turn 
quickly from green to red as it goes through 50 mph, 
and the driver, his reaction time being what it is, 
will, an instant later and having overshot, completely 
close the throttle. The speed will then drop quickly 
through 50 mph and the cycle will be repeated in- 
definitely. This is a system without “speeddroop”. 


Now let usassume that the slot is increased in width 
so that its lower edge is at 45 mph and its higher 
edge at 55 mph. Our instructions to the driver are 
that when the slot shows all red, which will occur at 
55 mph, the throttle is to be completely closed; when 
all green, or at 45 mph, it is to be fully open. For 
intermediate speeds or ratios of green to total slot 
width, the throttle must take a proportional position. 
With such anarrangement, starting again from equili- 
brium, the slight decrease in speed caused by the up- 
grade does not change the indication to all green, 
but only increases the amount of green which results 
in a small increase in fuel, not a complete throttle 
opening. The car will take the grade at a slightly 
reduced but stable speed, and the throttle will not 
be completely opened unless the grade is sufficiently 
severe to require full power at 45 mph. Such a system 
has speed droop. In effect it gives the driver (or 
servo) a chance to start correction before the desired 
operating point is passed. 


Your attention is called to the fact that the simple 
mechanical flyball governor in which the throttle is 
operated directly by the ballhead has speed droop 
inherently, since the only way the throttle opening 
can be increased, for instance, is by the flyweights 
moving inwardly, which requires a decrease in speed. 


Speed droopina simple governor such as our present 
example canbe provided bya mechanical interconnec- 
tion between servo (and therefore throttle) movement 
and governor speed setting such that as fuel is increas- 
ed the speed setting is decreased. Such a device may 
consist simply of a lever of suitable ratio between 
servo and speeder spring (Fig. 23). The equilibrium 
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relationship between sp2ed setting and servo position 
for such a system may be presented by a line sloping 
or “drooping” downward to indicate decreased spzed 
setting with movement of the servo in the “increase 
fuel’ direction. For each position of the minual 
speed adjustment there will correspond a sloping line 
such as that shown in Fig. 24. In this example, the 
speed adjustment is assumed to be such that if the 
servo is at its extreme position in the “increase fuel” 
direction, the governor spe2ed setting is 1000 rpm. 
As the servo is moved to the opposite limit of its 
motion, the speed setting is increased to 1040 rpm. 
The speed droop is usually expressed as the per cent 
change in sp2ed setting for full servo stroke referred 
to the sp2ed setting at the miximum fuel position. 
In this case the governor is adjusted for 4% speed 


droop. This characteristic is a function of governor 


design and adjustment only. 


Regulation, however, is dependent not only upon 
the spzed droop setting but also the percentage of 
governor servo stroke required to move the throttle 
between no load and rated load positions. It is the 
steady sp2ed rise resulting from decrease in load from 
rated value to z2to expressed as a percentage of rated 
speed. If the governor discussed above were so con- 
nected to the throttle of its engine that only 50% of 
the servo travel were required to move the throttle 
between no load and rated load, the regulation would 
be 2% although the speed droop is 4%. 

‘« Speed droop in a hydraulic governor is not always 
attained by op2ration on the sp2eder spring as describ- 
ed above. It can also be secured by changing the 
position of the flyweights (and therefore their speed 
for a given speeder spring setting) required to center 
the control valve at its equilibrium. position. This 
might be done by using a floating lever connection 
between spzeder rod, servo, and pilot valve (Fig. 25), 
or by having the bushing movable by the servo (Fig.26). 
It is sometimes desirable to have an isolated prime 
mover run isochronously or perhaps the. allowable 
regulation is not sufficient to privide stability. In 
such cases, we resort to transient speed droop, or, as 
it has come to be generally called, compensation. 
This calls for the introduction ofa temporary readjust- 
ment of spe2ed setting with servo movement to produce 
the stabilizing speed droop characteristi¢, followed by 
a relatively slow return of speed setting to its original 
value, ESS ah ape 


This can be,accomplished in a number of ways. 
Present day hydraulic governors use a. variety of 
schemes, p2thaps the most common (Fig. 27) involv- 
ingafipati ig lever connecting speeder rod, pilot valve 
and a receiving piston which is urged by spring force 
toward an equilibrium position. So long as the receiv- 
ing piston is in this equilibrium position centering 

the valve requires that the flyweights be always in 
the same position. For a fixed speeder spring setting 
this means that the bulhead must, for final. equilibri- 
um, be running always at the same spzed. The receiv- 
ing piston is displaced from its equilibrium position by 
a flow of oil initiated. by movement of a transmitting 
piston which moves with the throttle—or gate-actuat. 


only being required, 
3a? 2*s as 
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ing servo. Thus if there were no leakage from this 
compensating hydraulic system the receiving piston 
would move as though rigidly connected to the 
servo and p2rm nent sp2ed droop as described above 
would result, the centering springs being ineffective. 
However, if an adjustable leak in the form ofa needle 
valve is provided between the compensating hydraulic 
system and an oil sump, the centering spring is per- 
mitted to return the receiving piston slowly to its 
initial position after a disturbance by forcing oil out 
or drawing oilin through the needle valve as_re- 
quired. As this occurs the sp2ed setting of the governor 
slowly returns to its original value, although the servo 
and throttle are permitted to remain at the new, 
different load p sition. Such a governor is isochronous 
although provided with the necessary transient droop 
for stability. This scheme is used in current water 
wheel, type IC, and type UG governors. 


Another method of producing the same result 
involves the direct (Fig. 28) application of pressure to 
the pilot valve, adding to or substracting from the 
speeder spring force in order to eftect a change in 
speed setting. In the adaptation of this method used 
in the PG governor the oil actuating the servo is 
required to deflect a “bufter”’ piston against a centering 
spring load which, produces a pressure differential 
across a receiving piston rigidly attached to the pilot 
valve. A needle valve permits equalization of pressure 
across the pilot valve receiving piston to restore the 
initial speed setting. In operation, as oil flows to the 
servo, the buffer piston is moved against the force 
ofits centering sping, resulting in a higher pressure on 
the lower side of the receiving piston which, produces 
an upward force on the pilot valve. This in effect 
decreases the force which the flyweights must balance, 
resulting in centering of the pilot valve at a lower 
sp2ed which p*ovides spzed droop. As the displaced 
oil is parmitted to leak through the needle valve, 
the buffer piston returns to its equilibrium position, 
the diffsrential pcessure disappéars, and the spsed 
setting reverts to its original value, This method) 
although, requiring a more’expensiVve pilot valve 
construction, has severil operating ‘Havantiiges,’ not 
the least of which. is that exact retyth of the buffer 
piston to center is not essential to exact return of the 


system to normal’ speed, equlaizition of pressure 
waa . s 3 4 é 


Welk e qiae. 


tt is obviously possible to combine temporary and 


permanent droop in a single governor, and this.isdone 
= ° _ i3f 49ety } 
is many standard units where p2rallel operdtion re- 
quiring preper dfvision of load is anticipated: 
quiring prop é anticip 


Other methods of securing stability are known and 


have been tried. Among thesé is the so-caltéd “deriva- 


tive” control. This means a device sensitive to ‘the 
first (or higher) time derivative or rate of change of 
the controlled variable. In the case of a speed control 
a first derivative system mens simply a device sensi- 
tive not only to speed, but sensitive also to’ the rate 


_of change (first derivative) of speed which is accelera- 


tion. Acceleration sensitive governors wére ‘used 
long before they were called derivative controls, and 
we have mide an extensive mathematical analysis of 


—— 
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them in various applications. Acceleration sensitivity 
alone is unsatisfactory, since it will not accurately 
maintain speed, although its corrective actions 
are in the directions to tend to do so The minimum 
requirement in an isochronous control so stabilized 
is therefore a speed sensitive element and an accelera- 
tion sensitive element. Properly designed, it is possible 
to secure stability in such a mechanical device, but 
we have not been favorably inclined toward it for 
the following reasons. 


If wander over a narrow band is to be avoided, the 
stabilizing effect of the acceleration sensitive element 
must be present for very smallaccelerations or decelera- 
tions. This is very difficult to accomplish mechani- 
cally without the use of objectionably large mass or 
very expensive and delicate construction. Further- 
more, mathematical analysis, confirmed by tests, 
reveals that with rare exceptions, use of the deriva- 
tive control can accomplish nothing in the way of 
regulation about an on-speed condition that cannot 
be secured as well and at much lower cost by proper 
design of the compensating systems described above. 
If the disturbance consists of a large change in 
speed setting rather than a change in load the ac- 
celeration sensitive element offers some advantage, 
but even here it is doubtful if the improvement obtain- 
ed justifies the complication and cost involved. 


What has been said above applies to mechnical- 
hydraulic governors; it does not preclude the possi- 
bility of accelerometric stabilization in an electric 
governor, and we have in fact such a control system 
in process of development. However, as implied 
earlier, other problems present themselves, and the 
field of application of such a governor is determind by 
many considerations, including that of economics. 


LOAD-SENSITIVE GOVERNOR 


Another approach to the improvement of governor 
performance upon load change requires that the 
governor be made directly responsive to load changes 
as well as to speed, with the purpose of securing a 
corrective change in throttle position before the 
speed change, which is necessary to make the speed 
governor fuction, occurs. This can be made quite 
effective in some applications if properly engineered 
and designed, anda governor of this type has been de- 
veloped by Woodward. The scheme which we have used 
in this design positions the throttle proportionate- 
ly to the load change by means of an extremely fast 
hydraulic servo, leaving the speed governor only the 
job of trimming or correcting for relatively small 
errors in throttle position. It has the unique advan- 
tage of being a very good speed governor even if the 
load sensing function were to become completely 
inoperative. 


However, load-sensing has certain limitations, 
which should be noted. For instance, the speed of 
response and sensitivity of a good speed governor is 
such that any load responsive device must be extre- 
mely fast to gain significant time advantage. This 
includes, of course, the load-sensing means which in 
general would not be considered a part of the governor 


proper. Because of the practical difficulty and cost of 
sensing mechanical loads (although this is by no means 
impossible) applications to date have been limited to 
generator drives. Careful consideration must be given 
to secuting extremely high rates of response in obtain- 
ing the load signal which is supplied tothe governor 
in order that the advantages of the high load-governor 
speed (0.01 sec. full stroke) may not be lost. 


If such speeds of response are maintained, the limit- 
ing factor in transient performance is the response of 
the engine itself. The less the total lag in the engine 
response, the smaller the speed deviation for a given 
disturbance. However, although increased lag means 
increased speed deviation for the load-gevernor, it also 
requires greater compensation for stability and there- 
fore increased speed deviation for the usual speed- 
governor also; therefore, even for high lag systems 
appreciable improvement can be made witha properly 
designed load-sensing speed governor although not as 
spectacular as that obtainable on an engine with 
small lag. In the case of turbo-supercharged engines 
an additional limitation is placed on the improvement 
obtainable with the loadsensing governor. Because 
the air available at low loads, and therefore low tur- 
bocharger speeds, is inadequate to burn full load fuel, 
the rapid movement of throttle to the full load posi- 
tion by the load-sensing governor does not produce 
the desired result of full load torque. Thus on large 
load addition performance would not be expected 
to be substantially different from that obtained with 
the speed governor alone, which, as has been noted 
earlier, is quite capable of increasing fuel faster than 
such an engine can accept it. 


PARALLEL OPERATION OF ALTERNATORS 


Despite the fact that alternating current generators, 
commonly called alternators, witb their driving prime 
movers and controlling governors, have been in wide- 
spread use in parallel operation for many years, there 
is a general lack of understanding of such systems 
even on the part of many operators and engineers 
directly concerneed. As a result we are frequently 
called upon to ‘correct troubles which not only do 
not originate in the governor but about which the 
governor can do little or nothing. 


A simple engine driven alternator supplying an 
isolated non-synchronous load is relatively easy to 
understand; but parallel two synchronous units and 
tremedous changes take place, Governor knobs that 
adjusted speed now affect load division, mechanical 
oscillations of the throttle and periodic exchanges 
of load between alternators arise, and units that per- 
formed beautifully alone kick up such a fuss that they 
won’t stay on the line. 


Paralleling obviously does not always produce such 
violent results, but the potential for such behaviour in 
some degree always exists in parallel operation, and 
this degree is greatly influence by the characteristics 
of the controlled unit. For a better understanding of 
these characteristics we will turn our attention to the 
alternating current generator. 
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It is obvious that a simple, nontechnical discussion 
of alternating current and alternators cannot be very 
comprehensive but it is hoped that alternator be- 
havior can be made to seem reasonable by means of 
the over simplified and non-rigorous explanations 
which will follow. 


If an electrical conductor (a wire) is passed sidewise 
through a magnetic field, a voltage is induced init, and 
if a circuit including the conductor is completed, this 
generated voltage will cause a current to flow. As 
soon as the current isestablished, force is required to 
move the conductor through the field and electric 
power is developed from the mechanical work done on 
the conductor during such movement. This is a 
generator in its simplest form. Conversely, if some 
outside source of voltage causes a current to flow 
through the conductor in the magnetic field, force is 
required to restrain the conductor from moving, and 
if it is permitted to move against such a restraining 
force, mechanical work is done. This is the simplest 
element of a motor. 


In an alternator the magnetic field is generally esta- 
blished by causing direct current to flow through coils 
wound on part of the iron structure of the magnetic 
p2th—usually, in the larger machines, on the rotating 
member or “rotor’’. Since voltage is generated whether 
the conductor moves across the field or the field 
across the conductor, we may choose that the con- 
ductor remain stationary while the field rotates. Such 
an arrangement of nonrotating conductors and iron 
constitutes the “‘stator’’. If alternate north and south 
magnetic poles pass e conductor in the stator, the 
direction of the induced voltage, and hence the 
current, reverses periodically and an alternating 
current results. The generated voltage in this instance 
willrise to a maximum valuein one direction, decrease 
through zero to a like maximum in the other direction, 
again decrease through zero and rise toa maximum 
in the initial direction. The variation of voltage from 
one maximum to the next maximum in the same 
direction constitutes one cycle. In most power genera- 
ting alternators the machines are so designed and the 
speeds so chosen that a cycle is completed sixty times 
per second. 


The conductors of the stator, arranged in coils, can 
besoplaced that the maximum voltage in two separate 
windings will be reached at different times. For ins- 
tance consider again a rotor having one north and one 
south pole. A conductor at a given point in thestator 
will have a 60-cycle voltage generated in it if the rotor 
makes 60 revolutions per second or 3600rpm. Another 
conductor, placed 120° around the stator in the direc- 
tion ofrotation, willreach its maximum ata later time. 
If we consider one cycle toinclude360 electrical degrees, 
which in this example is produced in 360 mechanical 
degrees rotation of the rotor, the second voltage will 
reach its maximum 120° later than the first and may 
be said to be lagging the first in phase by 120 electrical 
degrees. If a third conductor is placed an additional 
120° around the stator, the three voltages generated 
will differ in phase by 120°. This is the usual 3-phase 
voltage relationship. Had the rotating field been 
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made with 4 poles instead of 2, the stator conductors 
would have been spaced 60 mechanical degrees apart 
and 60 cycles would have been spaced 60 mechanical 
degrees apart and 60 cycles would have been produced 
at1800rpm. The electrical phase relationship, however, 
would have remained 120 electrical degrees. The con- 
ductors ofsucha statorare so connected,that,normally, 
three terminals result, the voltage between any pair 
being 120 electrical degrees out of phase with the other 
two voltages. Since this 3-phase voltage at the termi- 
nals results from a rotating magnetic field of constant 
strength, it is not unreasonable to assume that if an 
identical 3-phase voltage were connected to the ter- 
minals from an external source, a rotating magnetic 
field of constant strength would result. This is, in 
fact, the case, and accounts for some of the pheno- 
mena with which we will be concerned. 


Consider a source of such a voltage having a fixed 
frequency, unchangeable by anything which we can 
connect to it; this is the so-called infinite bus. If this 
source is connected to one side of an open 3-blade 
switch and our engine-driven alternatorso connected 
to the other side that phase rotation, phase frequency, 
and voltage are respectively the same, the switch 
may be closed with no flow of power to or from our 
alternator. Thus, so far as the engine is concerned, 
the codition is no different than before the switch was 
closed so long as the above conditions ¢xist. However 
the dynamic characteristics of the system which the 
governor must control have changed greatly, and the 
effect of this change will be discussed later. The 
operation just described is performed whenever an 
alternator is synchronized and put on the line. 


If now fuel is increased to the engine, it will try to 
speed up, but it is no longer free to do so, except 
momentarily, being forced to run at the average dicta- 
ted by the infinite bus frequency solong asthe alterna- 
tor synchronizing torque is not exceeded. This torque 
results from the interaction between the rotating 
field established by connection ofthe alternator stator 
to the bus (the synchronous field) and the DC field 
of the alternator rotor. So long as they are in phase 
(that is, lined up) no torque or turning eftort exists; 
if the rotor field leads in phase a restraining torque is 
exerted, work has to be done by the engine and power 
flows to the bus; if the rotor lags a driving torque 
results, power is taken from the busand the alternator 
is said to be “motored”. Thus there is a torque pro- 
portional to the angle between rotor field and synch- 
ronous field and in the direction tending to dectease 
that engle to zero. The effect of this is as though 
the engine were connected toitsload through a torsion 
spring. Since the speed changes only a very small 
percentage, the power fed to the bus or taken from it is 
also proportional to the angle by which the rotor 
leads or lags the rotating AC field; that is the amount 
the “torsion spring” is wound up, one way or the 
other. 


If two alternators are paralleled a synchroniz- 
ing torque exists between them whether connected to 
a load or not because they are connected to each 
other, in effect, by the “torsion springs.” In this case, 
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however speed changes are possible if there is no 
isochronous (constant speed) governor in the system, 
as will be shown later. 


This “wind-up” of the spring in the comparison 
above is equivalent to displacement of the alternator 
DC field to lead the synchronous field set up by the 
line frequency in the actual case. The analogy also 
holds for the condition of lagging DC field in which 
power is taken from the line to “motor” the alter- 
nator; and for all intermediate conditions including 
the “‘linedup” configuration of no power transmitted, 
which is desired for putting the unit on or off the line. 
We will now consider the effect of this synchronizing 
torque on the steady-state parallel operation of 
governed engine-alternator units. 


One of the primary considerations in the parallel 
operation of power generating machines is the proper 
division ofload. Asimplied earlier, this can be accom- 
plished by providing a governor with speed droop 
which results in governed system regulation. 


This relationship of regulation to load division is 
perhaps best explained by reference to the speed vs. 
load characteristic curves for the governor-engine 
combinationsinvolved, bearing in mind that the units, 
when p?ralleled through alternators, are compelled to 
run at the same or proportional speeds. For simplicity 
we will refer tothe normal speed as 100% speed and 
full load a 100% load, and will assume diesel engines 
as prime movers. 


In the controlled system we will be concerned with 
three types of governor operation: isochronous, 
speed droop and load limit (which is fixed throttle 
operation when in control). These we represent, as 
Suggested, as plots of engine load (assumed propor- 
tional toservo or rack position) versus speed. 


The isochronous governor performance may be 
represented by a family of horizontal lines, each line 
representing a speed setting. If set to maintain the 
speed represented by line A, in Figure 29, and connect- 
ed to an increasing nonsynchronous load, the speed 
would vary as follows. Beginning with no load, the 
speed will remain constant at A as load is increased 
until the capacity of the engine is reached, and then 
as load is further increased, speed will drop, the rack 
temaining at its maximum position. 


The speed droop governor has a similar family of 
curves, but slanted as shown; the greater the regula- 
tion, the greater the slope (Fig. 30). Similarly loaded 
the speed will drop down the regulation line until 
maximum rack is reached and continue to drop at 
- maximum rack as load is further increased. Suppose 
now that load limit is set at 50% in either case. The 
behavior is the same as before except that now the 
speed drops from the setting line when load limit 
torque (50%) is reached instead of when the normal 
rack limit is encountered. Assume the speed droop 
governed mchine is connected to a synchronous 
system so large that our engine cannot affect its 
frequency (an infinite bus). Now we must remember 


that the speed of the engine is no longer determined 
by the speed setting, but by the frequency of the bus 
so long as maximum synchronizing torque is not 
exceeded. What is accomplished bya change in speed 
setting in this case is a change in load, not in speed. 
Referring again to Figure 30, we must have setting 
A for which the no load speed is equal to bus speed 
(or frequency) in order to synchronize, Once on the 
line, if we increase speed setting to B we do not change 
speed but we pick up approximately 1/2 load. 
Further increase in setting to line C will fully load the 
engine. If regulation, as indicated by slope of lines, 
is 4% and the alternator is disconnected from the bus 
while carrying 1/2 load, the free engine will go up in 
steady-state speed 2%. If set on lineC, carrying full 
load and similarly disconnected, the no load speed 
would be 4% above synchronous or 100% speed. 


If the speed droop were zero, that is, if the governor 
were isochronous, paralleling with an intinite bus 
would be impractical for the reason that a speed 
setting above synchronous speed by however small an 
amount would, since actual speed would be below the 
setting, call for full rack. Similarly if the setting were 
even Slightly below actual speed, the racks would go 
to fuel off position. Therefore, governors should not 
be piralleled isochronously with any system so big 
that the governed unit cannot affect its speed. 


If two identical units having speed droop gover- 
nors are paralleled with each other and there 
are no other generating units in the system, the fre 
quency will be determined by the speed settings of 
the governors, the regulation of the governor engine 
combination and thetotalload on the system. Here,as 
before, it mustbe remembered that the actual speeds 
of both units must be identical even though their 
speed settings may be difterent. Assume both units to 
beset oncurve A, in Figure31, and thetotalload equal 
to the capacity of one unit, that is 100%. In this case 
each engine carries 50% and the speed is that of line 
F,, being the same for both units. Suppose now that 
one unit is set at B, the other remaining at A. The 
speed at which both unitscenrun and carry a total of 
100% load is now F2, and the loadisun equally divided, 
75% to the unit with the higher setting, 25% to 
the lower. The increase in system speed however is 
by no means as great as the increase in speed setting 
of B. 


If now, with settings Aand RB, the load is increased 
to 150%, the regulation being the same for both units 
the additional 50% will be divided equally between 
them and A will carry again 50% while B carries 100% 

‘The speed of the system will egain be back to F,. 


-Further increase, however, will overload B, so the 


effective capacity of the system isonly 150% instead 
of the 209% it would have if these speed settings 
to equilibrium; in fact governors are usually so adjust- 
ed inorder to secure the most satisfactory recovery 
from a disturbance. This fact makes the difference 
between p»ralleled and nonsynchronous. operation 
much less obvious because the observer sees only the 
oscillations resulting from’a disturbence, and not the 
reason for the oscillations. 
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Consider now the engine driven alternator paralleled 
with an “infinite bus.” One important difference is 
at once app»rent; the speed is no longer determined 
by the throttle position and Ioad but by the frequency 
of the bus. The throttle position now determines the 
poweroutput of the enine and hence the load carried 
by the alternator. Another and less obvious charac- 
teristic is that if a sudden change in throttle position 
or load occurs an oscillatory transition to the new 
equilibrium condition results even with the governor 
inoperative. The explanation for this difference in 
behavior is to be found in the following. 


The effect of the synchronizing torque has been 
compared to that of connecting the engine to its load 
through a torsion spring. Insofar as the dynamic 
charaeteristics of the system are concerned, this 
analogy was incomplete in that the mass or inertia of 
the rotating machine and the damping forces present 
were neglected. Since the engine and alternator do 
have mass, this, in combination with the spring action, 
resultsina system cap2ble of oscillation at some natu- 
ralfrequency. Ifonly the spring action of the synchro- 
nizing torque and the inertia of the rotating mass 
wele present these oscillations would continue for 
a long time after a disturbance, as would the swings of 
a frictionless pendulem suspended inair. Also sincethe 
power generated by the alternator is roughly propor- 
tional to the position of its rotor relative to the 
synchronous field, such oscillations would result in 
power swings of like frequency and propcrtional 
magnitude. 


In the case of the pendulum mentioned above, the 
oscillations would die out much more rapidly if it 
were immeresed in oil. To similarly help damp out 
the oscillations resulting from a disturbance of the 
alternator, Amortisseur Windings should be provided 
in the pole faces of the rotating field structure. These 
windings act to oppose a change in angle of the rotor 
relative to the rotating AC field and to damp out the 
pendulum-like swings by absorbing energy (which is 
converted to heat) so long as oscillations persist. 


Their operation depends upon exactly the same 
natural phenomena as does the generation of useful 
power. When the rotor is running synchronously and 
without oscillation the amortisseur winding bars 
or conductors do not move relative to the rotating 
synchronous field. If the instantaneous speed of rota- 
tion of the rotor is greater or iess than that of the syn- 
chronous field, as is the case during oscillation, 
this relative motion of conductor and magnetic 
field induces a voltage in the bar which produces 
a current resulting in a force opposing the oscil- 
lation. Because of the resistance of the bars. this 
circulating current dissipates the pendulum-like energy 
of the oscillation in heat, resulting in eventual return 
to a nonoscillating condition of rotation at constant 
speed. ; 


It may be seen from the foregoing that a tunda- 
mental and very important Jifference exists between 
p2ralleled or synchronous operation and isolated or 
nonsynchronous operation. In the synchronous case 
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the existence of the synchronous field supplied by the 
bust results in synchronizing and (with amortisseur 
windings) damping torques which do not exist in the 
isolated alternator. These torques in combination 
with the rotating mass result in a “pendulum” system 
which oscillates or swings after a disturbance, the 
amplitude of successive swings being decreased or 
“damped” in proportion to the effectiveness of the 
damping or amortisseur windings. In the nonsynchro- 
onous case there is nosynchrcn‘zing torque and the- 
refore no “spring” against which the mass of the rota- 
ting machine can swing; there is, therefore, no 
tendency on the part of the unit with fixed throttle to 
oscillate following a disturbance. This obviously 
does not mean that an isolated unit cannot oscillate 
or swing in speed due to other causes such as cyclic 
variation in developed torque or improper adjust- 
ment of the governor. However, oscillations in such 
cases do not produce the large swings in power which 
characterize the paralleled case but show up instead 
as variations in frequency. 


The paralleled unit has therefore in common with 
all such spring-mass systems a natural frequency of 
oscillation at which it will swing after a disturbance. 
It is characteristic of such systems that if they are 
repeatedly pushed at regular intervals of the proper 
frequency, the amplitude of the resulting load swings 
may built up toa large value even though the disturb- 
ing impulse is small. When the frequency of the dis- 
turbing force is such as to produce. the maximum 
amplitude the system is said to be in “resonance”’. 
This happens when the forcing impulses occur at the 
natural frequency of the system. These periodic 
forcing impulses may come from a regularly varying 
load, recurring variations in developed torque due, 
for instance to a weak or misfiring cylinder, or to an 
unstable auxiliary control such as a voltage regula- 
tor or fuel gas pressure control. Regardless of the 
source, if such disturbances occur at frequencies 
approzching the natural frequency of the system, 
load swings will result which may become so 
large as to make parallel operation impossible. The 
same unit at the same load on anisolated or nonsyn- 
chronous system may be and frequently is perfectly 
satisfactory in operation, not because the forcing 
disturbance is any less, but because, lacking the syn- 
chronizing torque of parallel operation, there is no 
resonant condition to produce amplification of the 
swings. If such a condition exists, the governor can 
dolittle to correct it; in fact,in some cases it isaggrava- 
ted by the governor. Nevertheless, it often happens 
that the throttle movements produced by the governor 
in response to the small periodic speed changes 
that accompany these load exchanges are thought to 
be the cause rather then the result of the difficulty, 
as is actually the case. This can be demonstrated 
quite easily in most cases by. blocking the throttles 
with the load limit or by other means. If the trouble 
is of the sort described above, the loed swings will 
continue, although some change in magnitude mey be 
observed. 


The preferred treatment of this problem is to avoid 
it by selection of the WK? to give a natural frequency 


[Continued on page 129 











Effect of Blade Number on the 


Torque/Slip 


Characteristics 


of a Small Fluid Coupling 











Notation 
Symbol Definition 
Cc -. Actual linear velocity 
CT Torque coefficient = oe. Se 
pwP2Ds 
D -- Diameter 
g .. Gravitation constant (32.2 ft/sec 2) 
+ .. Speed (rev/min) 
Pp .. Pressure 
Q .. Circulating flow 
R .. Radii of impeller (see Fig. 11) 
Rn Reynolds number 
: Np - NT 
8 ten 
-. Slip Np 
T .. Torque 
' 2nN 
U Velocity of rotation = nd R 
WwW .. Circumferential velocity 
7] .. Efficiency 
a .. Loss coefficient = b dl w? 
AR Friction coefficient = A—AsH™ 
A SH .. Shock loss coefficient 
p -. Density 
o .. Slip coefficient=1 - (1 —S) (R1/Ra)? 
@ .. Velocity coefficient= We /U, 
wy .. Pressure coefficient=2sg 
Woy Pressure shock coefficient=) 
= 8* [1+(Rr /Re )?] 
o Angular velocity 
Subscripts 
i Inner (radius) 
0 Outer (radius) 
m Mean (radius) 
Pp Pump 
T Turbine 
1 Pump wheel entrance 
2 Pump wheel exit 
3 Turbine wheel entrance 
4 Turbine wheel exit. 


During an investigation undertaken by the Fluid 
Mechanics Division of N.E.L. for the Admiralty, it 
became necessary to investigate the possibility of 
using liquids denser than oil in fluid couplings of the 
Fottinger type. A small hydraulic coupling 4-in. 
in diemeter wastherefore made and tested with fluids 
ranging from thin oil to mercury. At the same time 
an extensive search of the literature was made for 
design information. While there is a vast amount of 
general informution available, the particular field of 
detail design is not welldocumented. One of the major 
omissions in the literature is the effect of the number 
of blades in a coupling on its torque/slip characteris- 
tics. Mention is made by Fottingerina general man- 
ner, whilst a more recent paper by Oprecht gives a 
theoretical treatment. 


By D. FIRTH & T. S. PEARSALL 


It was clear therefore that experiments to investi- 
gate the effect of blade number would be of value. 
This was relatively simple to arrange as the small 
coupling originally designed to study the effect of 
the specific gravity of the fluid used was easily modifi- 
ed for investigation the effect of blade numbers. The 
intrinsic interest in the problem was enhanced by the 
knowledge that couplingsare being used on anincreas- 
ing scale in many branchesof industry, and that little 
research was being done on the subject. 


This paper summarizes three separate investigations 
made over a period of three years whenever staff 
and equipment were available. The work has suffered 
from thislack of continuity in staffand equipment and, 
as a result, correlation between the three series of 
tests is not always as good as it might be. In addition, 
these results have been analysed on the basis of 
Oprecht’s theory, which appears to give fairly good 
agreement. 


APPARATUS AND TESTS 


The 4-in. diameter coupling as originally designed 
is shown in Figs. 1, 4(a) and 4(4) where it can be 
seen that the blade sections mounted on a 1ing could | 
be easily removed and replaced by other sets. Tests 
were made on combinations of blades ranging from 
4-36 with both equal and unequal numbers in the two 
halves of the coupling. 


Asthe work progressed, improvements were made to 
the apparatus, and three main series of tests can b2 
summarized as follows:— 








Series To investigate Apparatus 
1. The use of various Electrical generator 
fluids Supplying _ electric 
light bulbs, hand 
tachometer. 
2. The effect of blade Rope brake and coup- 


number using oil ling uncooled, photo- 


cell tachometer. 


2. The effect of biade Leather brake, water 
number using mercury cooled, Coupling air 
cooled. Photozell 

tachometer. 
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The rig originally used for Series One tests is shown 
in Figs. 1 and 3(a) The input side of the coupling 
was driven by a 1} h.p., 1450 rev/min, 3-phase motor, 
and the output was absorbed bya d.c. motor arranged 
to run as a generator. The power from the generator 
was absorbed by a number of electric light bulbs in 
series. Torques were computed fromthe output of the 
generator and its speed. Although it was well under- 
stood that this metbod of measuring torque was 
approximate, it was considered adequate to give an 
answer in principle to the problem under investiga- 
tion. 


For Series Two tests the load on the coupling was 
provided by a simple rope brake as shown in Fig. 
3(6). The driving motor was the same as that previous- 
ly used. This.brake was simple to make and use and 
seemed relatively sensitive except for torques lower 
than 0.81 in. One of the problems on the earlier rig 
had been the measurement of speed differences with- 
out affecting the torque readings by the added fric- 
tion of the hand tachometers used. To overcome 
this, a system of speed measurement was developed 
using twoelectronic counters operated from photocells. 
Shutters attached respectively to the input and output 
halves of the coupling interrupted the photocell 
beams and thus operated the counter. A ‘‘Teflon” 
lip seal made in the laboratory (Fig. 2) provided a 
low friction seal round the driving member of the 
coupling casing. This seal had to be renewed during 
the tests because of bellmouthing. A more accurate 
alignment of the two parts might eliminate this effect. 
This rig was still not sensitive enough to discriminate 
below 10-per-cent slip, and a new series of experiments 
(Serfes Three) was therefore begun using mercury as 
the working fluid. Because of the higher torques re- 
gistered, this enabled the range of torques from 0 to 
10-per-cent slip to be more thoroughly investigated. 


For the Series Three tests using mercury, the appa- 
ratus had to be altered in several ways because of the 
higher powersinvolved. Thefinal arrangementis shown 
Fig. 3(c), where it is seen that the friction brake was 
fitted with a water supply system to keep it cooland a 
ducted fan was arranged to keep the temperature of 
the coupling within rasonable limits during the course 
of the exp2riments, and also to cut down the cooling 
time between experiments. The use of mercury 
aggravated the szaling troubles previously mentioned, 
and after a number of palliative measures had been 
tried unsuccessfully, the coupling was redesigned, as 
shownin Fig. 2, to incorporate a Crane mechanical seal 
Type 109, which as a carbon face and a N/-resist 
seat. It was found that, provided both faces were clean 
when fitted and the bearing pressure large enough, 
a good working seal was obtained. 


RESULTS 


Series One (The wse of fluids other than oil) 


The liquids tried in the coupling were a thin oil 
mixture, water, carbontetrachloride, acetylene tetra- 
bromideand mercury. With all these liquidsthe coupl- 
ing worked satisfactorily, although the acetylene 
tetrabromide caused some corrosion. Results of 
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the tests are shown in Fig. 5 plotted on a basis of 
torque divided by specific gravity against slip. 
Although these curves are roughly of the same family 
they do not lie on the same curve. This, no doubt, 
reflects the limited accuracy of the torque measuring 
apparatus and, possibly the effects of viscosity. The 
divergence at the top end of the curves might alse be 
caused by the thermal consequences on the various 
high rates of slip. It may reasonably be concluded, 
therefore, that the torque varied directly with the 
specific gravity of the fluid used. 


Because for a given duty the diameter of a coupling 
varies inversely as the fifth root of the specific gravity 
of the fluid used, an increase in specific gravity, 
although reducing the general dimension of a coupl- 
ing, does not greatly affect the total filled weight of 
the unit. Theuse of higher density fluids might also 
increase the manufacturing costs. 


Series Two: (The effect of blade numbers using oil as 
the hydraulic medium). 


The working fluid in these tests was Shell Tellus 29 
which has a viscosity of 110 centistokes at 70°F. 


The relationship between slip and torque for equal 
blade numbers in the input and output members of 
the coupling is shown in Fig. 7(a), and for unequal 
blade numbers in Fig. 7(6). The insensitivity of the 
dynamometer and the friction in the coupling bearings 
caused excessive scatter at low torques and low slips. 
It will be noticed that the curves for the unequal 
blades, correspond approximately with the mean 
number of equal blades (i. e. eight ptimary and four 
secondary six on both). Fig. 8 (a) shows the torque 
characteristics plotted against number of blades, This 
diagram shows clearly the optimum blade number to 
give maximum torqueatany slip. It alsoshows that if 
the coupling istorun continuously at low slips, provid- 
ed a certain minimum number of blades is exceeded, 
the number of blades is not critical. However, if the 
coupling is to cover a large range of slips the number of 
blades for best performance is fairly critical. 


An attempt to reduce the effects of temperature 
which occurred in the coupling, particularly at high 
slips, was made by starting alternate tests from 100- 
per-cent slip to get high slip readings with a cool 
coupling. Each run was kept as short as possible 
to prevent unnecessary overheating. With the rig as 
designed, it was impossible to determine the effects 
of temperature on the torque/slip characteristic. 


Series Three: (The effect of blade numbers using mercury 
as the hydraulic medium). 


Because of the limitations in the frictional brake it 
was only possible to measure slips up to 50 per cent. 
Curves wete established for blade number of 8, 16, 24 
and 36. These tests were repeated with the coupling 
half-full of mercury. The results.are shown in Fig. 9. 
On the question of filling, it was found that, provided 
the torus was completely filled, results were consistent. 
This represented 80 per cent of the total filled volume 
of the coupling. 
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It will be observed that the torque/blade number 
characteristics for mercury, Fig. 8(6), are similar to 
those for oil, Fig. 8(a), but that a larger number of 
blades is required to secure best operation. 


When the coupling wasstripped for alteration, it was 
found that some surface corrosion had taken place on 
the mildsteel blade sections and that the corrosion 
reflected the dominant flow patterns in the coupling, 
Fig. 4 (b) It would seem from these patteins that 
not all the fluid in the working spaces followed a 
toroidal path, asthere is some evidence of separation 
flow on the downstream faces of the blade, which pro- 
bably occurs mainly at high slip. 


It can be seen from Fig. 10 that the comparison 
between mercury and oil is not too good. It appears, 
as a result of the theoretical analysis, that the flow 
regime using oil is probably difterent from that using 
mercury. This is especially so with the larger blade 
numbers and higher slips, comparison on a Reynolds 
number basis gives values of R,, 350 times greater for 
the mercury than the oil. 


THEORETICAL CONSIDERATIONS 
Oprecht Theory 


A semi-empirical analysis given by Cprecht is of 
special interest as it takes into account the blade num- 
ber. Applying it to the N. E. L. coupling, in which 
the blades are straight and no vortex or load ring is 
fitted, it isassumed that the flowiscompletely circular 
in the passages and not affected by interference 
between the blades. To simplify the problem further 
it is assumed that the transfer of energy is concen- 
trated on the mean streamline (defined as the centre 
of the flow patb). Referring tothe velocity triangles, 
see Fig. 11, the torque acquired by the pump is :— 


T, = plik, U, —R,U,) 


and the torque given to the turbine is :— 


Q 


T=p . (R, U,—R, U,) 


hence as the mass flow is the same T,=T 


Now U, =(1—8) U,=(1-s)4U, 


9 
and 9a [war | [:- (®) ] 
g 2 Ro 


thus the torque transmitted by the coupling:is :— 


2 
T= [ warns 5] P-(@) [-- 
R,\? 
(t) Js 


pau (1) 
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Ot Pah (O, ©, 65 ot, W)escccicsoccoscccdescet (2) 


the velocity coefficient 





W. 
where ® U (3) 


2 


2 
c= [ 1—(l—s (ze) | the slip coeficient. .. .(4) 


w= the angular velocity of the pump runner. 
Equation (1) approximates to the conventional 


dimensionless torque coefficient :— 


—~ sete eer eee eeeereeeee 


The characteristics for thiscoupling are shown is 
Fig. 10. 


The transfer of energy from pump to turbine is not 
complete, due to “shock” losses and frictional losses. 
Thus if 7 is the efficiency :— 

T,Wyn =TrWr 
= l—s 


Now the change of pressure across the pump impeller 
can be related to the change of velocity head :— 


Pa—P:= $ [ v.s—02+0,"—c, +W,’—W,’ | 


from the velocity triangle :— 
Ww; =W.’ +(s U,)? 


giving p,—p,= £ [ vs—ur+02—c," +00," | 


similarly p,—p,= - [us —U'+C,°—C,’ +(s0," | 


Assuming therefore that C,=C, and C,=C, 


then the difference between the pressure rise in the 
pump and the pressure drop in the turbine is:— 


(P: —P2)—(P3—P) 


Now the pressure characteristic is taken as :-— 


_(P1— P2)—(P3—P4) 
6 2pU," 





hence 





(6) 


2 
) | =2se 
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This prassure difference is due to the frictional 
loss and “‘shock”’ loss in the blades, hence:— 


(Pp, —P.)—(ps— Ps) =" W,*. 


from which A=a,? (7) 
thus the loss coefficient 4 is the relationship of the 
transformation of pressure energy Y into velocity 


energy ®?. 


The pressure difference across the blades can be 
further divided upinto the pressure difference caused 
by friction loss, the pressure difference caused by 
“shock” loss, and the pressure energy converted into 
kinetic energy. Hence :— 


P=VPp +¥sut+ G 


or A=ArR +AsH+1 (8) 


hence Ag as afunction of ¥, should show the influence 
of blading upon the torque transmitted, independent- 
ly of other factors. 


The pressure losses caused by shock are:— 


- Aps=s [ un? + (604) | 


€ 


2 
wreme[+(B) 


Now it has been assumed that the momentum of the 
working fluid concentrated on the mean streamline 
hasthe same moment of momentum asthe actual flow: 


(9) 


as oR Cr == fa(Qr) Cr 


From this it can be shown that for equal quantities to 
flow in the top half and bottom half of thecoupling, 
then : 


ts ‘eal | | (10) 


Furthermore by considering theenergy of the fiuid on 
the mean streamline and the total energy of the fluid: 





1/3 
R,= [Pkt (11) 
4(R,,— R,,) 
_ and ; 
1/3 
R4—R.4 
R.=) —2 m 12 
: [ 4(R,—R,,) (12) 


We have then the following equations :— 
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(3) 


o= Tt 

o=[1-a-9 (BY) : (4) 

@ =2s0 (6) 

¥su=s"[ 1+ (B) (9) 

az SI (8) 
T=W.pR.? ia (R) ] [s—u-9 

(z) eo 

Analysis of Results 


In Fig. 6 the pressure coefficients are plotted against 


slip for this coupling ( fi =0.85) . It can be seen 


Ro 
from these theoretical curves that, provided the 
coupling isrunning at lowslips, the “‘shock”’ lossis only 
a small proportion of the total loss (5 per cent) which 
justifies the use of straight blading. However, if the 
coupling is to run extensively at large slips, there 
would be justification in having curved blades. 


The generalised result by Oprecht’s method isshown 
in Fig. 12, where, by plotting Ag against = ®,hefound 
Tw 


that all results of various couplings when plotted form 
a single curve with very small s¢attering of points. 
These couplings ranged from 6 to 80 blades, 800 to 
3000 rev/min, and circulation diameter 8} in. to 20 in. 
The shaded area shown in Fig. 12 represents the 
scatter on these results. The results of N.E.L. 
coupling (1450 rev/min, circulation diameter 2} in., 
blade number from 4 to 36) are also shown, and it is 
seen that.there is more scatter than with Orecht’s 
results. In addition there is discernible a decided 
effect due to blade number. A third peculiarity is the 
bending up of the curves at their lower ends (these 
points correspond to increasing Reynolds number and 
increasing slip). It seems likely that this effect is due 
toa change in the flow regime, possibly the advent 
of secondary flow conditions, as mentioned in 
section 3.3. 


Oprecht suggests, however, that although in full- 


scale couplings turbulent flow causesa relationship of 
the form: 


AR W z\2 
(ai) @? 





in small model couplings the flow may be laminar 
and correspond to the form. 


1 
a 


This is plotted in Fig. 13 for the N. E. L. coupling. 
It can be seen the agreement is worse than by the 
other method of plotting these results. 


It is interesting to note that with oil results perhaps 
the best agreementisobtained by plotting Ag against 
@ Fig. 14. In this case, although all the results appear 
to lie near one line with much less scatter than before, 
there is still an effect of blade number. 


This line can be expressed in the form this 
coupling using oil:— 


An =3.97x107° [ Re] 1.73 


or more genetally for this coupling as Reynolds 
number = 1900 :— 


An=0.0186[p] !-73 


Reynolds number for the Coupling 

The Reynolds number is defined as VD/v where V 
is velocity, y—kinematic viscosity and D the diameter. 
In the case of the coupling, it is not clear what dimen- 
sion should be taken for D, Oprecht has used the radius 
of the mean streamline at pump, exit R,. However, 
for the purpose of comparison of friction values with 
those in pipes, it seems better to adopt some unit 
dependent on the flow passage. It is usual in cases 
like this to take D=4m, where 


__area of flow passage 
~ wetted perimeter 





a T ( R,?—R,,’) 
Oe (Rot Bn) 


R,—Ra 
2 


and = 2(R,—R,) 


bance for oil where y=57 centistokes at running 
temperature 100°F. 


R.—VD__W?2 (R,—R,) 


v v 


— UR —R,) as 6a We 
v U. 


2 


213 _ 2x0.4. 929x100 
— 213 . 2x0.4, 929 x 100 ¢ 
2 *~ 42 BT 


=1900@ 





104 INDIAN JOURNAL OF POWER AND RIVER VALLEY DEVELOPMENT 


thus the R,, will range from 60 to 950 on this basis. 


By Oprecht’s method 


R, 





n 


= W, R,_@ R, Uz 
v 


v 


for oil 


1.44. 213 _ 929x100 : 
Re —————_ =34 ®@ 
ag ey Xe 


for mercury as y=0.12 centistokes at 100°F 


R, —1-44 213 929 x100 4 _ 1.65 x 10° @ 


Ts” a” hee 





Thus by Oprecht’s figure, R, oil=115 to 1725 
R, mercury = 55 000 to 800 000. 


It is evident, therefore, that the coupling isrunning 
in the transition range with oiland theturbulent range 
with mercury. The differing results between mercury 
and oil noticed in this report can, therefore, be attri- 
buted to the differing states of flow in the coupling. 


RELATION OF ix TO PIPE FRICTION VALUES 


Previous experiments such as Fottinger’s ' tests in 
a double U-tube, Seeling 3and Spannhake’s ¢ experi- 
ments and Oprecht’s ? tests on various couplings 
have suggested that friction values of Ag of 10 to 100 
times the values found in pipes can be attained ina 
fluid coupling. 


The Ar value in this analysis corresponds to the 
f term in the pipe friction formula :— 


Thus f for pipes would be :— 
0. 025 to 0.01 for laminar flow (R,, 500 to 2000). 


If follows, therefore, that as AR in the coupling is 
from 5 to 0.8 over the same range of Reynolds num- 
bers, that the friction in the coupling is some 80 to 
200 times that in a pipe. 


MEAN POSITION OF RADIUS OF VORTEX 


In an attempt to explain the variation of curves in 
Fig. 12 it seemed possible that this might be caused 
by a shift of the centre of the vortex with increasing 
slip. As the speed of rotation of the vortex is depen- 
dent on the difference in centrifugal force between 
the pump and the turbine this difference will be grea- 
test when the difference of speed is greatest. Hence 
the vortex will tend to move out when the slip is high; 
this will affect the mean radius R,, as this will increase 
as slip increases. 


Now R, and R, are dependent on R,,, R; and R,; 
thus as R; and R, are fixed by the geometry of the 


























Effect of Blade Number on the Torque/slip 
Characteristics of a Small Fluid Coupling 





FIG.|. SECTION THROUGH COUPLING USED IN SERIES ONE TESTS. 
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Fig. 2. Section through fluid coupling used in series two and three tests. 
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Fig. 7. Torque/ slip curves with oil 
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Right Top:—Fig. 11. Velocity triangles through fluid 
coupling 
Right Bottom:—Fig. 12. Coupling results by Oprecht analysis 
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Fig. 13. Oprecht laminar flow condition 
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Right bottom—Fig. 16. Results by Oprecht analysis using 


an empirical correction 
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Fig.I5(a) Effect of blade number on shock losses 
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HYDRAULIC MAHINES SYMPOSIUM—SEPTEMBER 1960 
coupling, then it can be inferred from equation (11) 
and (12), that the ratio R,/R, will not be affected by 
a change in R,,. 

From equation (3) 


Ww T 
=. * 4... 
U, U* R, 





“La] 


4 (Ro. —R») 
thus Yu [See | 4 


-R, 
C,—R,,4 


m 





andifthe changeinR,, issmallthen @ y _— . Hence 

m 
if R,, values taken at high slips are too low then cal- 
culated values of © will be too low. The change in ® 
will also aftect the 4, values, and it will cause 9 réduc- 
tion in these proportional to S? 2 or R2,, 6. Therefore 
at high slips we can say ® values should be greater 
and Ar values will be reduced. 


Inspection of Fig. 12, however, shows that although 
this reasoning may bring the four- and eight-bladed 
curves nearer to the theoretical line, it will have a 
reverse effect on the runners with greater numbers of 
blades. It is therefore clear that the divergence of 
results from the Oprecht line is caused by some blade 
effeet rather than vortex effect. 


EFFECT OF BLADE NUMBER ON PRESSURE 
COEFFICIENT 


When considering the results of Fig. 12 in section 
4.2, it was apparent that there was a definite effect 
of blade number. Investigating further by examin- 
ing the assumption in each part of the analysis it was 


Psu was probably 


evident that the ‘“‘shock’ ’loss 


dependent on the blade number as well as on slip 
and radii of the coupling. (In the basic assumption the 
fluid is supposed to circulate completely in two planes 
(x, y); in practice it will have a circumferential com- 
ponent in the plane Z dependent on the, number of 
blades). It is not possible at this stage to develop a 
theoretical correction for the number of blades. 
However, based on the assumption that all results 
should fall on this ‘“Oprecht line’, an empirical 
correction has been determined. 


Assuming therefore that all the results fall on this 
line, working the calculation backwards for the difter- 


ent slips and blade numbers, then the oan against 


blade number has a definite relationship as shown in 
Fig. 15(a). It willbeseenthat onthis basis Osy has a 
relationship to both slip and blade number Z. 


It is interesting to note that these curves have two 
distinct portions joined by asharp curve. The curved 
p>rtion, therefore, representing the condition of mini- 
mum “shock” loss, and the blade numbers (for each 
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slip) at which this takes place corespond exactly with 
the blade numbers for greatest torque on Fig. 8. 
This would appear to be confirmation of the critical 
efiect of blade number, althoug it must be remembered 
that the shock coefficient portrayed is calculated on 
the basis of the Oprecht line and may not be very 
exact. It does also appear from these two graphs 
that the number of blades used in production coup- 
lings is often greater than necessary, although in 
scaling up it is more likely that the distance apart of 
the blades is more important than the actual number 
of blades. 


An empirical relationship for the higher blade 
numbers (>12) can be expressed:— 


] 0.39 


Psy 71 0.648 9-415 
Ys) 


Y su 
@2 





s< 30% Z = 14.0 [ 


6.2 
8s 30° Z OR plete 
> 30% 07 


When it is remembered that for one coupling Z is 
constant and s has certain fixed values, these expres- 
sions are simpler than they appear at first sight. The 
curves plotted from these formulae are show in Fig. 
15(b) and it is seen these are close to the original ex- 
perimental velues. 


It is now possible to recalculate the results using 
these new values of Ost . These are shown in Fig. 16 


and it-is seen that the scatter of results is greatly 
reduced. However, the extreme cases of large blade 
number and large slips still tend to cause wider 
divergence. P 


It can be concluded then that use of an empirical 
formula such as this would need far more results from 
different couplingstosubstantiate it before it could be 
generally used. On the other hand the greater diver- 
gence of the results from the N. E. L. coupling may 
possibly be caused by the greater range of conditions 
tested on this coupling. 


CONCLUSIONS 


1. Over arange of fluids which included thin oil 
mixtures, water, carbon-tetrachloride, acetylene tet- 
rabromide and mercury, the torque in the fluid coupl- 
ing varied directly with specific gravity. 


2. Although the use of mercury as a hydraulic 
fluid seems to give a satisfactory indication of torque/ 
slip, thus permitting the use of small models, the seal- 
ing problems are considerable; particularly in a device 
of this kind where sealing friction must bea minimum. 


3. Because of experimental limitations the results 
must be considered as tentative. Differences between 
the oil and mercurry results are almost certainly due 
to the difference in Reynolds number. 


[ Continued on page 135 
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A Universal Hydraulic Test-Rig 
of 15 HP and 5 tons capacity 





Research work of development nature has already 
assumed great importance in India in all fields of 
Engineering and Science. Though we can claim that a 
lot of pioneering research work has been done in India 
in the flow field of hydraulics, practically no work 
has been attempted in the field of hydraulic machines. 
The lack of sufficient empirical data and practical 
design knowledge mikes the development work of 
hydraulic michines important. Furthermore, it is 
desirable to do independent work in this field which 
is rather new tous, with anaimtoverify important and 
available design data and also to establish a more 
practical and reliable procedure for use in design. 
Also the exp2tience so gained and built-up: will be 
highly useful for futher advanced research work in 
this field. 


The prototype units and models developed under 
various research and development schemes need tho- 
rough and accurate tests and this necessitates the erec- 
tion of suitable research equipments and test-rigs. 
Weneed many such units for conducting a large num- 
ber of research schemes facilitating more growth and 
rapid progress in the field of fluid machinery. 


Threedevelopment research schemes—one for mixed 
and axial flow pumps, one for water-reaction turbines 
of small capacity, and one for venturimeters and 
orificemeters—conducted in our laboratory required a 
suitable equipment for testing their units. A univer- 
sal hydraulic test-rig has been erected providing the 
following facilities: 


1. Testing of pumps of size upto 12” with a dis- 
charge upto 10 cusecs of water at any low head 
with an absorbing capacity upto 15 hp at speeds 
ranging from 500 rpm to 3,000 rpm. 


bo 


. Testing of turbines of small capacity with a 
supply upto 10 cusecs of water at any pressure 
head with an output capacity upto 15 hp at 
speeds ranging from 500 to 3,000 rpm. 


3. Testing of venturimeters, orificemeters, mano- 
meters indicators, integrators, recorders or 
any other flow measuring device with flow 
rates upto 10 cusecs of water. 


GENERAL DESCRIPTION 
The general layout is shown in Fig. 1. The layout is 
prepired for maximum utility and accuracy of mea- 
surement required for research and to provide the 
required convenience in handling the units with the 
necessary walking sp2ce around different units. 


The Universal Test-Rig consists essentially of a D.C. 
dynamometer, a universal test-bed, a supply tank, 
a weighing tank, a supply pump, piping system and’a 
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tilting chute. The D. C. dynamometer is erected in a 
convenient place and by its side is provided the uni- 
versal test-bed having easy access to underground 
tank and supply tank. The weighing tank kept over 


, a weighing platform is near the supply tank. The top 


tank kept over the supply tank directs water 
either to the supply tank or to the weighing tank de- 
pending upon the position of the tilting chute and the 
top tank. There is a supply pump on the rear side of 
the dynamometer with provision to have the intake 
either from the underground tank or from the supply 
tank. The delivery line of the pump has provision for 
mounting venturimeters and orificemeters and it has 
branches to deliver water to supply tank and weigh- 
ing tank and also has provision for connection to pump 
or turbine kept on the universal test bed. 


DETAILS OF UNITS. 


1. D. C. Dynamometer : 


This is a direct current dynamometer of the swing- 
ing type, capable of working either as a motor orasa 
generator indicating the shaft horse power. The rated 
capacity of the dynamometer is 15 hp at speeds vary- 
ing from 3,000 rpm to 1,200 rpm and proportionately 
less for speeds from 1200 rpm to 500 rpm. It has 
double shaft extension and its direction of rotation is 
reversible. There are suitable loading resistances to 
absorb electrical energy from the dynamometer when 
it functions as a generater. The dynamometer is 
mounted so that the centre of the indicating dial is at 


about eye level. 


2. Universal Test Bed : 


This consists of a T-slotted cast iron bed of size 
4’5” x 3’-6" with four adjustable cast iron pedestals 
fixed through the slots for easy and quick mounting 
of different ‘sizes of test units. An intermediate shaft 
with a sliding joint and a pair of universal joints, 
one fixed at each end, facilitates easy connection 
between dynamometer and test unit eliminating trou- 
ble due to misalignment. The construction details 
for bed and pedestals are givenin Fig. 2. The test bed 
is designed to accommodate units upto base size 
4’-6” « 3’-6”. and shaft centre height upto 2’-0”. The 
adjustable pedestals provide the vertical movement 
and the T-slots of the bed provide the horizontal 
movement. A radial arm provided at the top of each 
pedestal can cover a radial distance of 2?” for minor 
adjustment to 2ccommodate bed bolts without neces- 
sitating frequent change in position of pedestal over 
T-slots. 
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Supply Tank 
The usual way of testing pump, where water is 
taken from an underground pump and discharged 
into a measuring device kept on the floor level, sufters 
from the drawback that pumps cannot be tested at 
any desired low head, the minimum being limited by 
the static level difference between the discharge end 
of pump and the suction levelin the pump. A separate 
supply tank kept at the ground level facilitates the 
tests on pumps at any desired low head. Mild steel 
tank was preferred to masonry tank due to easy adap- 
tability for fixing additional parts, minimum floor 
space and portability. A supply tank of size 10’ x 6’ 
x 8’ was fabricated in }” thick M. 8S. sheets. This tank 
has also provision for use as a Measuring Twin Tank 
(Pig.s). The tank has two inside p»tition walls divid- 
ing it into three sections with 9 central one of size 6' 
x 2’ 8’and othersofsize 6’ « 4’ x 8’ oneither side. The 
pitition walls are provided with circular openings 
with suitable gun-metal disc valves which can be 
operated from outside by means of suitable lever 
arrangement. The valves are so arranged that when 
one is closed the other is open. The central section has 
an opening for connection to the suction of the pump. 
A movable top tank is kept on the supply tank for 
diversion of water to weighing tank. In case the sup- 
ply tank is used as Measuring Twin Tank, the top 
tank is shifted to the centre and discharge from the 
pump is directed to that end section which is kept 
open to the central section and the water is circulated 
for initial running. Water is then diverted to 
the other end section and discharge measured by 
volume. The valves are then changed over and the 
cycle rep2ated for subsequent tests. The fluctuation of 
water level in the central section is minimised by a 
suitable float-operated butterfly-valve. Theadvantage 
of the Twin Tank lies in that it does not require any 
auxiliary pumpset which is needed to replenish water 
in the case ofasupply tank. Thediversion of discharge 
from one measuring section tothe other and the change 
over of disc valves can be simultaneously done by 
a suitable electromagnetic device. When discharge is 
measured over a long period and valves are changed 
over for a number of times, a flow upto 10 cusecs can 
be conveniently measured with an accuracy of + 1%. 
The supply tank is provided with a suitable overflow 
device. 


Weighing Tank 


The weighing tank is of size 6’ « 4’ x 7’ with a capa- 
city of 5 tons and is made of }” thick M. S. sheets. 
Flow upto 10 cusecs could be measured with an 
accuracy +0.5%. The top tank is kept adjacent to 
the weighing tank for diversion of water from supply 
tank to weighing tank. The weighing tank is also 
fitted with an overflow device discharging the over- 
flow to the underground tank. 


Supply Pump Common Piping System and Tilting Chute 


At present, test units of pumps, turbines, venturi- 
meters, orificemeters, etc., are made upto 6” size 1nd 





hence only 6” pipe layout has been used, though upto 
12” size pipe layout could be used. The centrifugal 
supply pump capable of 1,000 gpm at 50 feet head and 
700 gpm at 70 feet head, at 1,420 rpm coupled toa 
20 hp squirrel cage motor has been installed with 
provision in the suction line for its intake either from 
the underground tank or from the supply tank. The 
6” delivery line of the pump laid just over the floor 
level has provision to accommodate either venturi 
meter or orificemeter with a minimum of 15 feet 
straight upstream length and 7 feet straight down- 
stream length. A sliding joint fitted in the line facili- 
tates easy mounting and dismantling of test units. 
The overhead extensin of the 6” line has suitable 
exits at the required points. 


Referring to Fig. 1, the discharge from the pump 
under test is diverted through a deliveryrubber hose 
to the top tank keeping the gate-valve D closed and 
the gate-valves A, B and C open. When venturimeter 
or orificemeter is under test, the 6” supply pump works 
gate-valves E, D and C kept open and gate-valve B 
kept closed. When turbines are tested with the sup- 
ply pump wsorking, valves E, D and B are kept open 
and valve C is kept closed. 


The tilting chute (Fig. 4) can be fitted to the 6” 
overhead line just above the top tank in either of the 
two positions. The exit section of the chute is 2’-8” 
x 14”. By means of a sliding joint and a suitable lever 
arrangement the chute can be conveniently deflected 
for discharge measurements. 


Pressure Measurement 


This is made by means of mercury manometers. 
The universal manometer developed in the laboratory 
and presently used for testing various units can be 
converted to air manonieter and used in case of 
measurement of low pressure. Compound manometers 
are used for measurement of high pressures. 


CONCLUSION 


It is hoped that the availability of such a versatile 
test-rig will increase the pace of research work in the 
field of hydraulic machinery in our laboratory. 
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On the Design of Machine Foundations 





Special Problems posed by Machine Foundations 


The present status of Soil Mechanics is sufficent 
to deal with foundation problems for static loads. The 
techniquesof soilsampling and the methods of labora- 
tory testing are sufficiently refined to predict the safe 
bearing capacity of soils under static loads. 


Butthe problems posed by a machine are not simple. 
The load isnot entirely steady and it isrepetitional in 
nature. In addition to its dead weight, there are dyna- 
mic loads depending upon the weight of the moving 
parts, the rate of revolution and the type of machine. 
The response of soils to repetitional loading is not 
yet completely understood and therefore the factors 
that affect the bearing capacity are only parti- 
ally known. 


That different soils have their own natural fre- 
quency is now well accepted and the natural frequen- 
cies of a few typical soils as determined by Lorenz 
and Crockett are given below:— 





Type of soil Nat. Frequence-cps. 





Marsh 10’ thick on sand. co 
Peat. ic ee 
Water logged esturine silt. . 
Very light soft cley. . 
Light water-logged sand ‘oe 
Medium clay. 15 
Wet clay. 19.2 
Moist medium sand. 21.8 
Dry medium sand. 22 
Silt and sand mixed. 23.2 
Sand & rubble loosely compacted 23.5 
Dry clay. 24.6 
Firm surface clay. 25.5 
Uniform coarse sand. 26.2 
Tightly pscked coarse gravel. 30.00 
Lime stone. 30.00 
Sand stone. -. 32.00 
Granite. 40.00 





This tabie indicates that the natural frequency of 
soils lies in the range of 4 to 30 c. p.s and that the 
natural frequency increases with the increase in the 
allowable bearing pressures on the soil. 


If the operating speed of a machine were to corres- 
pond with the natural frequency of thesoil (or that of 
the foundation-soil system more precisely) resonance 
results and this increasesthe amplitude of vibration. 
Increased amplitudes of vibration impair the efficiency 
of the michine and would also cause annoyance to 
those working near the machine. The soil below such 
a machine in resonance is brought toa state of failure 
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very much earlier and the consequent replacement of 
the machine foundations involves loss of man and 
machine hours. 


A machine running at a steady rate is a source of 
elastic waves to move along all directions in the soil 
at a frequency corresponding to the operating speed. 
But a machine like a forge hammer sets the soil into 
its own natural frequency (or more precisely the 
natural frequency of the foundation-soil system) and 
the elastic waves travelling in all the directions in the 
soil would have this frequency. Objects such as parts 
of a machinery, light and loose parts of structures, 
chimneys, etc., whose frequencies are of a similar 
order are excited causing annoyanceand insome cases 
causing damage also. Annoying effects due to such 
vibrations are felt miles away from their source de- 
pending on the strength of the impulse and the type 
of soil medium. 


Due to repetitional loading caused by a machine, 
the settlement is much larger than for an equivalent 
static weight and it is a matter of considerable im- 
portance in the design of machine foundations to 
see that the settlement is a minimum even after a 
large number of load repetitions in order to maintain 
the relative alignment of the machine. 


These are some of the most important aspects which 
should not escape the attention of a Foundation 
Engineer while dealing with the foundations of ma- 
chines in general. 


Present Approach to the Problem of 
Machine Foundation design 


A machine foundation must primarily satisfy all 
the conditions required for that of a static load. For 
want of exact information on the factors influencing 
the bearing capacity of soils under dynamic loads, it 
is not desirable to load the soil at an intensity greater 
than half the allowable bearing capacity under a 
static load. 


The concrete bed is made such that there is no 
possibility of its warping or settling differentially. 
It is also made perfectly rigid in order that it may 
absorb the vibrations caused by the rotating machine. 
To achieve this, empirical methods suggest the use of 
a certain mass of concrete in proportion tothe B. H. P. 
or ther. p.m. of the machine. Some of the practices in 
vogue are as follows:— 
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Weight of block per 
BHP developed 





(i) Gas engines with multi cylinders 1600 lbs 
(ti) Diesel engines with multi cylinders 1250 lbs 
(iit) Steam engines with multi cylinders 500 Ibs 


The weight of concrete for single cylinder engines 
is generally 40—60% more than the above values in 
view of the fact that single cylinder engines cannot 
be as easily balanced as multi-cylinder engines. 


Robert’s formulae for the weight or volume of 


foundation concrete are:— 
Wr =KW\/N_ and 
Vi =RW\/N where 


W; and Vz the weight and volume of concrete 








Ww = weight of the machine 

N = speed, r.p.m. 

KandR = constants as given in the table below. 

Type of engine K R 

(A) Vertical Engines 
4 cyl. gas engines 0.130 0.000975 
oe " 0.150 0.001130 
Biss ‘ 0.175 0.001210 
4 cyl. diesel engine 0.177 0.00133 


(B) Horizontal Engines 


~— 


Single cyl. semi-diesel engine 0.300 0.002250 


2 Cyl. -do- 0.240 0.001800 
2 Cyl. -do- 0.230 0.001730 
4 Cyl. -do 0.225 0.001690 





Other empirical methods for the foundations of 
reciprocating machines are in terms of the bore of 
the cylinder or in terms of the length of the stroke of 
the piston. The suggested practice is 











Type of Engines Width Length Depth 
3’—6’ 4’—8’ 4—5 times the 
Vertical Wider than the base plate cylinder bore 
Engines or 3-4 times 
the length of 

stroke. 

1’—3’ wider Length of foun- 4-6 times the 
Horizontal- than the base. dation base at cylinder bore or 
Engines top should clear 2-3 times the 


the 45: line length of 
from the crank stroke. 
shaft. 





In all these methods certain amount of importance 
and stress is laid on the massiveness of the foundation. 
No consideration is taken of the natural frequency of 
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the foundation-soil system and the possibility of 
resonance. This is one of the greatest ‘‘missing links’ 
in the methods that are in vogue and a more rational 
approach to the problem of vibration is called for in 
the design of machine foundations. 


Approach to the Problem from the point 
of view of Vibrations 


The natural frequency of the soil at a site can be 
determined by a simple method. A sudden impulse 
such as that due to the fall of a spherical weight of 
about 2 ewts. from a height of 8’—10’ ona thin con- 
crete base embedded in the soil sets the soil into oscilla- 
tion at its own natural frequency, the energy of the 
impulse flowing out into the surrounding terrain in 
the form of waves. This vibration is picked up by a 
vibrogtaph suitably set for vertical osillations. The 
vibrogram which has the trace of the vibration as well 
as the time base is analysed to arrive at the frequency 
ofoscillation. Thenatural frequency canalso be deter- 
mined by theresonant frequency method which requi- 
res a vibration generator, variable speed motor, elec- 
tricelequipment, etc. Thismethod is very much more 
cumbersome than the former one and cannot be re- 
commended for field use. 


Having known the natural frequency of the soil, 
the foundation is so designed that its own natural 
frequency is of the order of 1/3 of the natural frequen- 
cy of the soil. This is achieved by properly propor- 
tioning the foundation block and supporting it on 
springs. Crockett has installed dozens of forge-ham- 
mers on specially made rubber springs and has pre- 
vented the occurence of resonance thus avo‘ding the 
(1) loss of power, (2) excessive settlements and (3) 
large amplitudes of Oscillation. Figure (1) shows a 
typical hammer mounting and sandwiched type of 
rubber springs. 


In a forced vibration system (as in the case of a 
steadily operating machine), 


where 





x 
V (l—yt42 (En)? 


X, = displacement of amplitude 
X= displacement due to a static load equal to the 
peak value of the periodically varying load 
r= _W = ratio of impressed frequency to natural 
W, frequency. 
C = damping factor 
C, = critical damping factor of the system. 


We can readily observe from this equation that X, 
can be made negligibly small by making X,, small, i.e., 
by stiffening the structure. Fig. (2) shows that the 
amplitude depends upon the relationship between the 
impressed frequency and the natural frequency, and 
the amount of damping. If r=1, the amplitudes are 
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large and for other values of r, the nature of vibrations 
are as shown in the figure. A significant point that 
can be noticed from this figure is that the amplitude 
of vibration is almost equal to the static deflection 
when the impressed frequency is 0.2 to 0.4 times the 
natural frequency (or when it is 1.4 times the natural 
frequency). It is for this reason that the frequency 
of the foundation-soil system is kept at about 1/3 the 
natural frequency of the soil, particularly for forge 
hammers. 


Natural Frequency of Foundation-Soil Systems 


Ithasbeenestablished by Eastwood that the natu- 
ral frequency falls with the increase in dead load act- 
ing. Itistherefore obvious that the natural frequency 
of the soil at a site is different from the natural fre- 
quency of the foundation-soil system. A new method 
has been evolved by Balakrishna Rao and Nagaraj 
onthe density pressure bulb concept (Reference No.1). 
This method suggests that the weight of the soil parti- 
cipating in the vibrations of a foundation block is 
contained in a pressure bulb of intensity D lbs/s. ft 
where D is the density of the soil at the site in lbs/c. ft. 
The weight of the soil is given by 


W; =0.1729 xQ3!?xD—} 


= 
= 
3 
~) 
lt 


sum of the static weight of the machine, 
° peak dynamic load and the weight of 
concrete block. This is treated to be 
acting as a concentrated load at the 
surface of the soil. 


Using this value of W, , the natural frequency of the 
foundation-soil system is obtained by substituting in 
the equation 


/ 
Kg _ where 
W, +W,, 


ee 


. Qn 


Kia & = modulus of dynamic subgrade reaction, 
A determined by other daynamic methods. 


A= area of the foundation block. 

W: = ~~ ~weight ofthe soil participating in vibra- 
tions. 

W,,.= weight of the machine and the foundation 
block. 


Once this frequency is determined, it can be examin- 
ed whether the operational speed of the machine is 0.2 
to 0.4 times or 1.4 times the natural frequency of the 
foundation soil system in order to’ ensure that the 
amplitudes are low and also to ensure that there is no 
resonance. As the speed of a given machine is fixed, 
the above condition is satisfied by varying the weight 
of the foundation block. 


Weight of the Foundation Block 


Anew method has been evolved at the Indian Insti- 
tute of Science by Balakrishna Rao (Reference No. 2) 
by combining the technique of Newcomb and Hool 


density of the soil at the site and the . 
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and Kinnie to determine the weight of the founda- 
tion block for any given maximum permissible ampli- 
tude of vibration of the foundation block. The weight 
of the foundation block, W, is given by 


nes ay a” ie 
W,= refi [w.+W, (1+ 1)] ws} 


where 


W, = Weight of the rotating parts 
W, = Weight of the reciprocating parts 
W, = Weight of the engine 
1 = length of the connecting rod 
r = radius of the crank 
1 
ee ae 
b = amplitude of the resulting harmonic motion 


of the foundation block which is generally 
limited to say 0.005°. 


k= ratio of the effective weight of the soil parti- 
cipating in the vibrations to the weight of 
the foundation block. This depends on the 
nature and properties of the soil such as 
density, moisture content, etc. 


The above equation may be re-written as 


A , : 
W, =- -where A is a constant for a 

+= TaK or a given 
machine. In the improved method suggested by 
Balakrishna Rao K is determined by successive 
approximation as mentioned in the following 


steps : 


(i) A random value of K is chosen, say 4, and the 
value of W, is found. Let this be M,. By definition of 
K, the product of K and M, gives the weight of soil 
participating in the vibrations. Let this be M,, 


(it) By using the method of density pressure bulbs 
suggested by Balakrishna Rao and Nagaraj (as ex- 
plained above), the weight of soil actively participa- 
ting in the vibrations is found, treating the static and 
dynamic loads as concentrated at a point. Let the 
weight of soil as determined by this method be M,. 


(itt) If M, is not equal to M,, it is due to the arbi- 
trary way in which K is chosen. Obtain another value 
of K, say K,, by dividing M, by M,. 


(iv) Using K,, repeat the operation once again to 
A ws P 
get W, =( i+K,”” If this is (M,),, find (M,), as in 
step 1. 
(v) The rest of the steps are repeated till a new 
value of K, isgot. By asuccessive repetition—which 


may be reduced with certain experience—it is seen 
that K converges to a constant value and this value 
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is taken for the final evaluation of W,, the weight of 
the foundation block for a permissible maximum 
amplitude. By keeping this amplitude as low as 
ossible, it is possible to practically control the 
ong-term settlement of a machine foundation. 


This method has been developed in a rational way 
and is a distinct improvement on the methods 
suggested by Newcomb and Hool and Kinnie. 


Permissible ranges of accelezations amplitules 
and frequencies 


In the design of machine foundations, a watchful 
eye must be kept ontheaccelerations, amplitudes and 
frequencies of the resulting vibrations due to the 
operation of the machine. Certain combinations of 
these may result in causing annoyance to human 
beings and may even result in structural damage. As 
a guidance to the foundation designers, the following 
ranges are given. 


Vibrations which produce accelerations of the order 
of 0.0lg are just perceptible and if they overshoot 
0.05g, the effect is annoying toworkers. The effect is 
awfully pairful if the accelerations aremore than 0.2g 
Cracks in walls appear at accelerations of 0.5—1.0g 
and beyond 1.0g, total or partial destruction of 
buildings will positively result. 


Outstanding work has been carried out by Reiher 
and Meister under laboratory conditions (and later 
verified in the field) regarding the combinations of 
amplitudes and frequencies of vibration which affect 
human beings. Crandel has also given the combina- 
tions of these which cause damage to buildings. 


The effects of various combinations of amplitudes 
and frequencies are graphically illustrated in Fig. 3. 


The foundation designer should take ‘care to see 
that the resulting vibrations due to a machine do not 
become a nuisance to workers nor do they become a 
source of dangerous vibrations causing structural 
damage to buildings in the vicinity. 


The problem of isolation of vibrations by techniques 
like spring mounting etc., has been developed to 2 
great refinement byCrockett andit is another specia- 
lisad asp2ct of foundation engineering of machines; 
it is beyond the scope of this paper. 


Foundations of Turbo-Machinery with special reference 
to Hydraulic turbines 


The support for the turbines is the most important 
part in the design of a power house. The foundation 
fora turbine should be a solid R. C. C. mat of several 
feet in thickness, separated from the rest of the build- 
ing foundations to avoid transmission of vibrations. 
While it should satisfy all the well known conditions 
for static loads and the factors mentioned earlier with 
regard to vibrations, thedesign of turbine foundations 
should take account of special factors, the likeof which 
are not commonly encountered in the case of other 
machines. 


In view of the large magnitudes of torsionalstresses, 
the supporting beams must be adequately reinforced 
to take torsion. In general the allowable stresses in 
steel and concrete are kept reasonably low and in 
order to take secondary stresses, it is essential to 
maintain a certain minimum percentage of reinforce 
ments in all the parts of the sub-structure. 


On account of theimpracticability of calculating the 
natural frequency of such large structures which are 
by no means geometrically symmetrical, the problem 
of vibrations is eliminated by making the supporting 
members heavy enough and a certain ratio of dead 
loads to live load is always maintained. Observations 
at the world’s largest installation shcw that the mass 
of concrete is atleast 2} times the weight of all the 
rotating parts or 1} times the total weight of the tur- 
bine and generator, this proportion being maintained 
for each pier and beam. 


It is well known that the natural frequency of a 
structural member, stich 2s a beam, is related to its 


own deflection under static load. For an elastically 
supported concentrated load, 


188 
4/Static deflection (inches) 





Frequency (cpm)= 





Fiom this it is seen that certain static deflections must 
be strictly avoided in order to prevent the resonence 
between the structural member and the turbine. As 
an example it may be stated that a beam whose static 
deflection undet peek load is of the order of 0.004” 
has natural frequency of 3000 c.p.m. If the machine 
supported by such a beam were torun at a speed of 
5000 r. p. m., resonance and the consequent excessive 
amplitudes of vibration will result. It is a good 
practice to keep the static deflection as low as possible 
and at any rate not to exceed 0.02”. 


There are other causes which give rise to vibration 
trouble in turbine foundation practice and care must 
be taken to see that the effect of such vibrations is 
kept as low as possible. 


Den Harcog has illustrated a case where an improper 
relationship in the number of guide vanes and the 
number of buckets gave rise to 2 loud hum which was 
heard for several miles. Very bad virations may result 
from an improper relation between the speed, number 
of guide vanesrunnet buckets, length of spira] case and 
the velocity of propagation of water hammer waves. 


Operation of turbine wicket gates cause pressure 
surges which in turn give rise to vibrationsin turbines. 
The frequency of such a pressure surge, F. (c. p. s) 
is given by 


F=3- where 


V=Velocity of water hemmer waves in penstocks 
(ft/sec.) which may exceed 4200 ft/sec. in actual pipes 


L=Length of penstock in ft. 
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The effect of these vibrations are rendered almost neg- 
ligible by the wave reflections and pipe line friction. 


Surges in draft tubes are believed to be caused at 
times due to the presence of air or vapour accumulated 
around the vertical axis of the draft tube below the 
runner, whentheturbineisrunning at partial gate open 
ings. This aftects the effective head on the turbine and 
consequently the power out-putofthe generator. This 
also produces changes in pressure in the penstock in 
addition to water hammer. Frequency of the draft 
tube surges inc. p. 8s. is given empiricially by N/216 
where N isthespeed oftheturbineinr. p.m. 


It has been reported that the vibrations of blades 
of a large diameter runner at the Parker Power plant 
have resulted in the cracking of the blades. This 
damage is said to be caused by the sudden changes in 
pressure at the trailing edge of runner blades which 
result in setting the blades into vibration. 


Recommended Practice 


As seen from the above, the sources for vibrations 
are many and the analysis of reach one of them and 
more so the analysis of their combined effect is ex- 
tremely complicated, ifnotimpossible. Thefrequencies 
of each one of these causes lie in a wide range of 1.5 
to 150 c. p. s. 


In view of these wide variations, attempts at corre- 
lating the mass of foundation concrete with r. p. m. 
head, BHP, Specific Speed, etc., have not been fully 
successful. Investigations of several power house in- 
stallations have been made to arrive at a reasonable 
empirical constant relating the mass of foundation 
concrete and the power generated or the mass of 
concrete and the weight of rotating’ parts. Even in 
this respect the mass of concrete to kilowatt capacity 
varies from 1 to 30. 


Therefore,strictly based on the experience of several 

ower houses which have behaved well during the past 
fe w decades, the following practice may be safely 
recommended: 


(i) The ratio of the volume of concrete in ec. ft. 
surrounding the scroll case and supporting the genera- 
tor to the capacity of the generator in kilowatts is kept 

at2. 


(it) The ratio of the weight of the rotating parts to 
their support is 2 to 2}. 


(itt) Accelerations due to any periodic force is limit- 
ed to 0.005 g to 0.1g. 


(tv) Structural analysis must take into account 
forces due to earthquakes and wind. In dealing with 
these, the resulting force (horizontal or vertical) is 
taken as the product of the mass of the structural 
member and the m2ximum allowable acceleration. 


(v) Oa account of the complicated geometry, com- 
plex connections and fixities and massive nature of 
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the generator-turbine foundations, it is not possible 
to calculéte its natural frequency. The best that can 
be done is to simplify the system as much as possible 
and obtain the lowest natural frequency on the basis 
of the density-pressure bulb concept explained earlier. 

This predicted natural frequency must be made far 
higher than the impressed frequency due to the run- 
ning of the turbines. Thisisachieved by suitably alter- 
ing the total weight of the foundation concrete. 


Inspite of the recent researches to rationalise the 
design of machine foundations in general, it must be 
concluded that the design of turbine foundations is 
still based on empiricism. As explained earlier, this is 
rether inevitable to some extent on account of diffi- 
culties of analysis ofa huge massive structure. A large 
scale intensive study of several existing Power Houses 
with respect to vibrations particularly round the scroll 
case, draft tube, supporting beams, floors and columns 
may yield valuable results to arrive at a better 
approach to this problem. 
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Standardization of Turbomachinery 





With consideration to future hard competition, it 
is necessary to rationalize manufacturing of all articles 
as much as possible and thereby the standaidization 
of the machines is of great importance for the increase 
of the performance. The standardization in question 
is very economical and natural when the so called 
standard coefficients are used. 


In the following we will in the first part give you an 
explanation of the standard coefficients especially 
with consideration tothe trials of Mr. O. Kienzle, and 
in the second part the practical use of the standard 
coefficients on standardized centrifugal pumps _ will 
be shown. 


Standard coefficients 


As it is necessary to graduate technical articles of 
diff >-ent sizes purposely, the need of these standard 
coefficients has appeared, and already in the 1870 
the Frenchman Renardby his standardization of ropes 
maie the relation between serial numbers equal; in 
five steps he would arrive at a value of ten times the 
first. Thus he found the intervals being 54/]0= 
1.5849, i. e. each next coming factor in the series is 
so much bigger than the preceding one. For practical 
use he found the rounded factors, 1, 1.6, 2.5, 4, 6.3, 
10; and for a more accurate graduation he found the 
values 1, 1.25, 1.6, 2, 2.5.,3.2,4,5,6.3, 8, 10. 


Later on other scientists found the same standard 
coe fizients independent of each other, on account of 
their logical construction. Almost at the same time 
proposals made in France in Dec. 1921, and in Ger- 
many in Jan, 1322 for a standard table, and this 
resulted finally in standard table DIN 323, corres- 
ponding to the American standard table ASA Z. 17.1 
or VSM standard table 10050. The table nr. 1 is taken 
out of the last publication of the standard table DIN 
323 and shows in four lines different graduations, 
within the range of 10On—10n-+1, in 40, 20, 10 or 5 
intervals. 


40th series x = 404/10 = 10.0593 = about 1.06 
20th series x = 204/70 = 1.1220 = about 1.12 
10th series x = 104/{0 = 1.2589 = about 1.26 

5th seriesx = 5/]0 = 1.5849 = about 1.58 


The standard coefficients given by this table form a 
system ofnumeralswith quite definite qualities, which 
can be used as a new technical one. The division 
of the decade in 40,20,10 or 5 members leads to simple 
only 3-figured mantisses, easy to add, (column 4 
table 1), and thus the logarithmical table for all 
standard coefficients is given. 


By VON. ENG. K. RUTSHI 


The following calculationrules from the geometrical 

graduation: 

1. Products and quotients of arbitrarily chosen 
standard coefficients are standard coefficients 
again. 

2. Wholenumbered powers of standard coefficients 
are standard coefficients again. 

3. The double and the half value of each standard 
coefficient is a standard coefficient again. 

4. Each member is the geometrical mean of two 
members, placed equally as much before as 
behind in the series, for instance: 

3.552 =2.8. 4.5. (20th series). 


. Finally it is very important that the numbers 


m, 2x, 2/4, 2/2, 4/2, 34/2 1 inch and so on, 
are near to the standard coefficients. 


on 


When accustomed to the standard coefficients, it 
is very easy to make mental multiplications and 
divisions quickly only by addition and substraction 
of the mantisses,and the exactitude obtained by the 
standard coefficients is almost always sufficient 
for technical calculations, especially as many of the 
quantities in question only are know with a rather 
big unexactitude (solidity-factors, empirical values) 
However none of the values of the standard coeffi- 
cients differs from its exact value with more than-- 
1.26% resp.—1.01 % according to column 6 in the table 
1. Which coefficient you may ever choose, the result 
of the calculation will show, that there is none difter- 
ing with morethan 3% from the next-coming standard 
coefficient in the series 40. 


It is very easy to fix the standard coefficients with 
the slide rule (fig. 1) provided that the slide rule hasa 
section A of the logarithmical section B. By setting 
the runner mark on one of the 10th values of the sec- 
tion A (100, 200, 300 and so on), the corresponding 
standard coefficients of the series 10 will be obtained 
onthelogarithmical section B. Itis very easy toround 
off the found exact values to head-values. By setting 
on the half intermediate values of the section A (050, 
100, 150, 200...) the standard coefficients of the series 
20 is obtained. 


It isalso possible to make series of standard coeffi- 
cients on half-logarithmical paper, according to fig. 2. 
From this figure it will be seen, that beside the funda- 
mental series R5, 10, 20 and 40, also so called intermit- 
tent series can be obtained, by omitting single 
members as for instance 
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the series 40/3 
with one interval X =1.18 


20/3 10/3 
1.4 2 


The practical use of these half-logarithmical papers 
consists in the fact that it is possible to introduce 
either indicated series not yet corresponding to the 
standard coefficients in order to examine if the present 
values can be standardized without much change or 
to examine new series in this way. 


On fig. 2, series b, the following values of the inside 
diameter of the discharge branches in a pump series 
are indicated: 25, 32, 40, 50, 60 (63), 80, 100,125, 150, 
(160), 200 mm. i. d. and thereby their connecting 
line is p»rallel to the series R10. Even line a, corres- 
ponding to the later mentioned specific number of 
revolutions n, by centrifugal pumps, agrees with the 
series R 20/3 and the lineC, corresponding to impeller 
diameter agrees with the series R10. Itisalso possible 
to use millimeter piper for this logarithmical account, 
but then the scale of the standard coefficients must be 
entered. 


The need and the importance of this standardization 
cannot be better explained than by the examples 
given by Mr. O. Kienzle of standardized and not 
standerdized inside diameter series. If for example 
different products, i. e. turned parts of steel, inde- 
pendent of each other, are standardized diameter 
series x, y, Z, can appear, according to fig. 3, which in 
all requite 17 different bar diameters with corres- 
ponding tools (dies, drills for the corresponding 
pirts, reamers, mandrels, and so on) and templates. 
A standardization according to the series 20 reduces 
the numbers of bar diameters to only 11, and hereby 
the former dimensions of each diameter series x, y, 2, 
can be transferred into the new standard series. In 
this way the number of tools and other outfit can be 
essentially reduced. 


Besides the diameters, it is also possible to graduate 
difterent details according to the standard coefficients, 
and in our VSM-standards of hand-wheels, vane root 
handles, pressure intervals in discharge pipes and so 
on, we will find an extensive development of the sys- 
tem with standard coefficients. However it is much 
easier to see the advantage of the system by standardis- 
ing not only pirtsof machinery but the whole machines 
their outputs and main dimensions according to 
the maxim of the standard coefficients. If then one 


factory is beginning to standardize in this way, other. 


firms producing the same kind of machinery, are 
following by and by theexample andthen the same 
standard graduations are used for the whole group of 
industry. It is then possible for the employer of the 
machines to compare the different prices with regard 
to outputs and sizes. Machines with the same out- 
puts can thus bs brought together into groups, even 
if they are produced by many different makers. 


This uniformed shape and graduation according to 
standard coefficients makesit at the same time possible 
for the manufacturer to rationalize his types and it is 
also a way to mutual understanding. There is already 
a firm basis for the standardization, and when nati- 
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onal standards are calculated on these standard 
coefficients, thereare great possibilities for their being 
used unchanged as international standards. 


These standard coefficients have further the advan- 
tage of being neutral, and thus, it is now much easier 
to come to an understanding than earlier, when diffie- 
rent values had tobe discussed and accepted 


The use of Standard Coefficients in the Manufacture 
of Centrifugal Pumps 


(a) Standardisation of output— 


It is comparatively simple to standardize machine 
tools, such as stamping machines, presses, lathes, etc. 
of different sizes. The standardization is a bit more 
difficult when it comes to power engines of unlimited 
sizes and outputs. So for example centrifugal pumps 
are built for different capacities, and for a each capa- 
city the head can vary, the number of revolutions 
being constant or variable. Therefore it is of interest 
to find a solution that would correspond to the custo- 
mers demands and to the manufacturers as well. 


Of all centrifugal pumps probably the so called 
single stage low-pressure pumps with volute housings 
are by far the most common, for which reason pumps 
of this type should be standardized in the first place. 
The aim isto cover a great capacity range with a small 
number of types, though of course, each pump should 
have a high efficiency within its capacity range. 


At first it was necessary to find that basis for the 
dividing of the total capacity range that would give 
most suitable gradaution with regard to capacity and 
head for each size of pump. 


It isalso essential with regard to manufacturing that 
as many main dimensionsas possible, such as impeller 
diameters, bore of housings, inside diameter of bran- 
ches (flange dimensions) should be the same for many 
types and sizes. 


It was essential to apply standard coefficients when 
determining the impeller diameters. Equal impeller 
diameters give at equal speed approximately the same 
heads. Further some different types should always 
have about the same capacity at different heads, and 
consequently they should have the same inside dia- 
meters on the inlet and discharge branches. If in 
addition to this various types of pumps could have 
the same specificrevolutions per minute,i.e. geometri- 
cally equal dimensions, it would be possible to increase 
or decrease the size of pumps within a certain series, 
without much calculation. 


Although the solution of the problem as shown in 
fig. 4, appears to be very simple, it was! attained, 
that fulfilled all requirements. It was, however, 
advantageous not to apply the actual test results to 
this system. On the contrary it was with regard to 
simplicity and comparability, preliminarily better to 
use one certain value of head? H in the approx. 
correct equation 

1 Necessary to make many compromises before finally tho 
result was. 


2 For each impeller diameter. For this purpose is in fig, 4 for 
the. 
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the so called head value v always given the approx. 
value 1, whereas the measured values of v for the 
pumps; in question vary between approx. 0.95—1.5. 


For the determination of u? the speeds 2950 rpm 
resp. 1475 rpm were selected, the values of these 
speeds compensating the difference between the value 
2gandthe approx. value 20, and in this case the heads 
correspond to standard coefficients. It should be noted 
that the curves plotted in fig. 4 do not represent 
p2tformance tests, the real data usually being some- 
what higher or lower, depending on pump size and 
specific speed. 


For the standardization of head it was necessary to 
consider of the impeller diameter should be selected 
from the series R 20, or if the series R 10 was suitable, 
or if the series between this two had to be used. For 
this purpose it was necessary to investigate to what 
extent an impeller diameter could be reduced without 
influencing too much on the efficiency, so that a 
reasonable efficiency could be attained throughout 
the head range of that certain pump. In fig. 5 are 
plotted the test results for a pump having an original 
infpeller diameter of 200 mm, which diameter was 
reduced in steps of 10 mm until re next standard 
diameter was reached. As will be seen from the 
diagram the capacity and head are reduced more than 
indicated by the simple formula 


D* = 23 


H, 








Thus when reducing the head to say 80% of the 
normal, i.e. down to the next standard head, the 
impeller diameter should not be reduced 80% but 
slightly less. Anyhow the difference between the 
value P' and the calculated value P depends on a 
pondered design of impeller and housing. In general 
impellers with high specific speed usually show a 
greater decrease than narrow impellers. In fiz.6 is 
plotted the corrolation between the efficiencies and 
the reduction if impeller@fortwoimpellers with specific 
speeds n, =100 resp. 71 (see also fig. 9). By both 
diagrams is shown that even by reduction of impeller 
diameters down tothe limit range, what often happens 
in p'actical life, the efficiencies are rather good. Thus 
a definite graduation of impeller diameter according 
to the series of standard coefficient R 10 


D,=100, 125, 160, 200, 250, 215, 400 mm etc. 


was chosen. Hereby the diameter of each impeller 
is about 1.25 times bigger than the former one. It 
is possible to continue the series quite optionally. 
However it can be noted that by bigger pumps it is 
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convenient to chose the series R 20 with consider- 
ation to the savings in materials especially for the 
casings. 


By graduating the capacity it was evident that the 
step to the next type did not cause any important 
decrease of efficiency in the both extreme ranges. 
In fig. 7, the efficiency of the pump is taken from the 
diagram in fig. 5, and there the maximum pressure 
and the corresponding capacity Q, are indicated with 
100, without dimensions. By different trials of com- 
parison it was shown, that for the next capacity Q, 
the solution x=2 was the most suitable one, as well 
for single pumps as for the whole capacity range, and 
the efficiency for this capacity range will not be less 
than 90% ofthe maximum value. If for example, the 
smallest type of pump with a capacity of 1*/sec. is 
designed, the following capacities according to the 
standard series R 10/3 are attained: 


Q=1, 2, 4, 8, 16, 31. 5, 63, 125 1/sec. ete. 


and the same time for a vertical series of pumps as 
fig. 4 with equal inside diameter of branches. 


If,forinstance, in the performance field of one sample 
pump according to fig. 8, the curves co-ordinating the 
‘points with equal efficiencies are plotted, it will be 
shown, that the biggest part of this field belongs to 
an efficiency range which only differs about 10% from 
the maximum value. The result attained makes it 


- obvious that the graduation of the capacities as well 


as of the heads are well indicated, especially when 
considered that a rather extensive performance 
field can be covered with a relatively small number of 
pumps. 


If for the special pump the specific speed 
ns =3.65n Q'/? . H3/4 


is calculated, another strangeness of the standardized 
capacity is obvious, namely; one group of pumps 
always gets the same specific speed. Thus it is possible 
to manufacture these groups of pumps eccording to 
the design, i. e. to make them larger or smaller, as 
wanted, and thereby the following equations are 


valid: 
2 . D )’ 
— 
( 3 


H=H, ( 
Dr) 


ea (2) » 


At constant speed the head is raised to the second 
power and the capacity to the third power of the dia- 
meter. Hereby the advantages of the standard coeffi- 
cients are further developed and multiplied with each 
other they are standard coefficients again. In table 2 
the increase of Q and His shown, which then influences 
the increase of D,. 





n 
n, 











118 


The following types belong to a group of pumps of 
the same kind with the specific speed n, =100 


NCP 5/100, NCP 6/125, NCP 8/160, NCP 10/200 etc. 


and therein the first figure indicates the sequence 
number of the internal diameter of branch (em) and 
the other the sequence number of the outside diame- 
ter of impeller, resp. housing bore (mm). Out of the 
relation between these two values in table 3, it iseven 
possible to see form of the impe!lerato e, and thusalso 
the construction or specific speed. 


Itis also possible toincrease the field of application, 
fig. 4 by enlarging the diameter series, with maintain- 
ed construction a to e. It is only necessary to use a 
standardized diameter. By production on a small as 
well as on a large scale it is advantageous to use the 
standardized diameters and the specific speeds, and 
it is thus possible to predict the new design with great 
accuracy, standard pumps already existing. Compara- 
tive trials with these pumps of similar design but of 
different sizes, form a basis, fig. 10, which makes it 
possible to predict, with great certainty, the efficiency 
and performance extrapolation for any degree of 
enlargement. Of course it is necessary to consider the 
risks for cavitation by such an enlargement, and to 
choose a resp. lower speed. 


The weight of a big unit can also be calculated 
easier and more accurately with this method, than 
it is possible with 1 detailed methods of calculation, 
generally used. This is of greatest advantage for 
p'ojecting and quotation work. If by a geometrical 
increase, all dimensions should be linearly enlarged the 
weights would increase in the third power. With 
regard toresp. thicker walls by smaller pumps, which 
are necessary from foundry technical reasons, practical 
experience has shown that the power factor is not 2, 
but by centrifugal pumps varying between 2.25 and 
2.5. Now itis possible to plot in fig. 11. the weights of 
wellknown sizes for difterent construction parts 
(impellers, housings), or forthe whole pumps, but even 
if desired for other machines, and then, it is easy to 
read off the power factor necessary forthe calculation 
of the weights, with great exactitude. So for 
example, the weights of impellers are indicated by 
diameter D, and thereby their connecting line a 
runs parallel to the power factor 2.36. Now it is 
possible to read off the intermed ate values directly 
in kilograms from line a or from its lengthening, or 
itis also possible on basis of the weight ofa proto-type, 
to caiculate the weight of a n-times larger unit through 
multiplication with the corresponding factor n*. 


(6) Standardisation of the design 


The purpose of all standardization is, besides a 
rationalized production, to attain also a uniformity 
of the types of machine ports and assembled machines, 
and this makes it important that different manufac- 
turers work according to standard principles. In the 
case of centrifugal pumps, the single stage volute type 
pumps ate the easiest to standardize, and such pumps 
are to-day being produced by a great number of manu- 


INDIAN JOURNAL OF POWER AND RIVER VALLEY DEVELOPMENT 


facturers, all over the world, practically thoughout 
ofa type, shown in fig. 12(6). The essential features of 
this design is that the pump casing is mounted ona 
flange of a pedestal bearing block, whereas with the 
older design, shown in fig. 12a the feet are placed on 
the pump casing, and the bearing bracket flanged on 
the housing. The main advantage of the new design 
is that the pump branches can be placed in any 
position, simply through revolving the pump casing 
round the shaft centre. This, of course, was not possi- 
ble on the older type, where the pump branch, pump 
casing and the feet were parts of the same casting, and 
thus their position in relation to each other were 
fixed: For each position of branch relatively to the 
feet, a new pattern had to be made. 


In the new design b, the standardized bearing block 
can be used for many types of pumps, requiring ap- 
proximately the same horsepower. The standardized 
bearing block can, consequently, be produced in 
greater series, which makes the production cheaper, 
and for each particular type of assembled pump, the 
stock of bearing blocks can be kept fairly small. 


Another advantage of the new des'gn is that the 
same bedplates can be used for, say, 5-6 different pump 
types, having the same size of bearing block, with 
the standardized length 11. A standardization with 
regard to the position of the discharge branch is also 
possible. On older pumps these were usually arranged 
as shown in fig. 13(a), whereas now-a-days a branch 
arrangement according to fig. 13(b) is coming into use. 
It could be expected that the sharp bend of the dis- 
charge volute should givealower pumpefficiency, end 
for this reason tests were carried out with pumps 
having housings of the two different types, but similar 
impellers. These tests, which wete carried out for 
various specific speeds, showed that practically the 
same efficiency was attained in all cases. Thus it 
would be possible to use housing of type b exclusively. 


It is often wanted that pump groups are symmetri- 
cally arranged and it is necessary in this case, when 
using pumps of type a, to have two different pumps 
with different directions of rotation. When using the 
new type of pump casing symmetry can be easily 
arranged with pumps running in the same direction, 
and in addition to this, it is an advantage that the. 
discharge branch of each pump is right over the shaft 
centre. In pumps of the earlier design the measure 
generally was not the same for different makes. In 
pumps built according to the new principles with the 
discharge branch right over the shaft centre, the single 
stage volute pumps must necessarily get the same 
dimensions, especially if different manufacturers use 
the standard series of performance data, when laying 
out their pump series. 


Fig. 14 shows the pumps with all different parts 
standardized. The standardized bearing block is provid- 
ed with two ball bearings with cons‘deration to the 
arrangement of the impeller, and thereby a central 
running is warranted even if the sleeve is worn-cut. 
It is also possible to provide the designed prmp 
with two plain bearings instead of ball bearings by 
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using thesameshaft. The whole bearing pedestal, with 
snaft, sleeve and stuffiing box, forms a standardized 
unit, which can be used for many different pumps re- 
quiring the same horsepower. This standardized seat- 
ing is graduated for a shaft diameter of 20, 25, 30, 40, 
50mm (series 10 x =1.25), and these five designs are 
completely sufficient for the totally 80 pumps shown 
on the performance field of fig.4. The housing with the 
discharge branch radially placed according to fig. 13b 
is so designed that it is easy to exchange part of the 
stuffing box for a cooling jacket for temperatures 
ranging above 115°C. Further it is common practice 
to provide the shaft of a hot-waterpump with an 
exchangeable sleeve of stzinless steel. Also in this case 
the standardization makes it possible to use only a 
few details for this purpose. 


For every part of the pump, especially the housing, 
alow weight isaimed at, of course, without deteriorat- 
ing the structural strength. This low weight is especi- 
ally important in pumps made of stainless steel and 
bronze but even for the cost of transportation the low 
weight is of interest. 


For rationalized production the permissible devia- 
tion (tolerance) for important dimensions is reduced 
toa minimum, but in order to faciliate manufacturing 
a deviation of -+-0.25 mm is permitted for any other 
dimensions. If earlier, when turning the external 
djameter of the impeller, the turner has tried to attain 
the measure 159 mm,thedeviation statement of to-day 
tells him, that forthis impeller diameter the mea- 
sure indicated can be passed with +0.25 mm, and thus 
he saves a lit of time. This deveietion is permitted, 
especially es the clearance between the external dia- 
meter of impzller and the bore of the csing is suffici- 
ent, and this small inexactitude of the impeller dia- 
meter cannot influence the output. 


As for the bores of casing for the appliance of the 
suction end cover, only small deviations are pet mitted, 
the measure D,=100, 125, 160, 200, 250 mm being 
selected and the impeller diameter being atthe same 
time 1 mmsmaller only. As for differeat pumps always 
the same impeller diameters and casing bores appear, 
and also measure-and drill-templates are very often 
used. It is also possible to use the bolt hold diameter 
of pipe flanges for the cosing bores in order to keep 
the number of templates as small as possibe. 


Conclusions 


In addition to the above fields of application of 
single stage volute pumps it is also possible to use the 
staniardiz2d performances and designs for the pro- 
duction of centrifugal pumps for any other kind of 
design. If the series a in fig. 2 is further developed 
the following standardized speeds n, =31.5, 50, 71, 
. 100, 1 +90, 200, 280, 400, 560, $00, 1120, forthe whole 
field of application is obtained. 


; 
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They correspond to the following shapes of 
impeller : 


31.5 to 140 = radial impeller with singlecurved vane 
200 and 280 = radialimpeller with doublecurved vane 
400 and 560 = half-axial pump impeller 

800 and 1120 = axial pump impeller (propeller) 


By the standardization it is possible to use only 
above eleven specitic speeds instead of an infinite 
number of difterent shapes. Each of the mentioned 
standardized speeds is 1.4 times bigger than the 
preceding one. By thesestandardized speeds the num- 
ber of the corresponding shapes of impellers is essen- 
tially reduced, anda very careful development of the 
design is enabled. It is then possible to increase or 
decrease the design for each wanted size. 


The small deviations of the test results from the 
range of performance put down in fig. 4 on the basis 
of simplified presumptions, which are due tothedegree 
of accuracy in machining etc., ought to be taken into 


» the bargain. This is only fair, taking into considera- 


tion the fact that the uniformity of manufacture of 
machines made by different works result of this 


.Standardization is rewarded by better machining 


and as finish, a somewhat higher efficiency, or a slight 
increase in output. Generally speaking, you may 
ex pect, at specificspeedsof up ton, =100, especially 
inatbe case of big pumps, a slight increase of the curve 
velues, and at specific speeds above 100 a steadily 
decrease of the same values. 


-It is, of course, obvious that in the case of big 
single plants the pumps could be designed for exactly 
the pumping data required, instead of for standardiz- 
ed data, but also in those special cases it would be 


. advisable to base the design as much as possible on 


standard coefficients, especially with regard to the 
impeller diameters, using, perhpas, a series of coeffi- 
cients with smaller intervals. 


Onabout the same basis not only all centrifugal type 
machines, such as turbines,fans, and compressors, but 
also any other type of machines could be standardized, 
taking into consideration, of course, the special pur- 
pose for which they are intended. 


Together with a rational manufacture,the creation 
of unitary stages of output and size will always be 
desirable, and the standard coefficients are, indeed 
the best means by which this aim can be gained. 


———_— 














Cavitation in Hydraulic Turbines and Pumps 





Every designer of prime mover for the generation 
of power is striving hard to design and manufacture 
bigger and bigger units, with higher and higher speeds 
in order to make the units more and more economical 
in its first cost and in its maintenance. In trying to 
achieve this the designer is faced with varied problems. 
A steam turbine designer is faced with metallurgical 
limitations in regard to rotor and blading materials, 
the gas turbine designer with the problem of materials 
which can withstand higher and higher temperatures. 
For a hydraulic engineer, for a given head and flow 
of water there are very few limitations and the most 
troublesome problem is that of Cavitation. This pro- 
blem has further been increased due to the trend in 
the design of very high speed turbines and pumps 
working under adverse conditions. The cavitation 
problem is not only faced in turbines and pumps but is 
being faced in marine propellers, feed pumps, sub- 
marines, underwater ballistics, ete. In this paper it 
is proposed to describe the cavitation phenomena, 
its effects and the various methods by which the effect 
of cavitation could be reduced if not completely 
eliminated. 


Historical Background on the Cavitation Phenomena 


Cavitation is by no means a mysterious phenomena 
and is a very natural and explicable one. Very 
little was known about this before, as most of the 
machines that were used then were of low speeds 
and small capacities. However, Euler in 1754, while 
developing hydro-dynamic equations for turbines had 
indicated that we have to guard against cavitation. 
Later the eating of the propeller blades of. trans- 
Atlanic liners gave impetus for the study of this 
phenomena towards the end of the last century and 
considerable investigations on this phenomena was 
taken up at the turn of the present century. Consider- 
able work is being doneto understand the phenomena 
of cavitation,effects of cavitationand their prevention. 
Research on this problem is being extensively done in 
U. S. A., U. K., Europe, Japan. A start has been 
made at the Indian Institute of Science, Bangalore, 
for basic studies on this phenomena of cavitation and 
its effects. Difterent types of equipment like the 
accelerated cavitation set up, venturi type of set ups 
for cavitation inception and cavitation damage and a 
water tunnel, have been built in the laboratory here 
for this study. 


Cavitation Phenomena Defined 


Cavitation is caused by the fundamental property of 
water to evaporate at a sufficiently low pressure even 
when the temperature is quite normal. This results 
in the formation of bubbles in the liquid which may 
contain vapour or gases in it. These bubbles expand 
and when the pressure outside attains a fairly large 
value, they collapse and the collapse of these bubbles 
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result in cavitation pitting which will be explained in 
detail later. Cavitation isalso defined asthe formation 
of voids within a body of moving liquid (or around a 
body moving in liquid) when the particles of liquid 
fail to adhere to the boundaries of the passageway. 
The failure of the particles to adhere to the boundaries 
occurs when there is insufficient internal pressure to 
overcome the inertia of the particles and to take suffi- 
ciently curved paths along the boundary. When these 
bubbles come into a region of higher pressures they 
collapse and if they collapse on a solid boundary, 
pitting will be the result. Thus the cavitation pheno- 
mena is a dynamic one and is caused in any flow of 
water wherein the pressure is dropped to very low 
values due to a sudden or gradual increase in velocity 
consequent to constriction in water passages. 


> 


Physical aspects of Cavitation 


Cavitation is a dynamic phenomenon, controlled 


. by hydro-dynamics of flow and the principle proper- 


ties of the liquid, which commences once the pre- 
ssure is reduced to vapour pressure. Any increase in 


_ the temperature depended upon vapour pressure, or 


any localised pressure reduct'on may give rise to a 
cavity form. In the case of turbines cevitation is 
mainly due to flow around a bend and/or sometimes 
vortex flow where the local pressure reduction occurs. 
This is further accelerated due to thesharp curvatures 
and local roughness and sepration and pressure drop 
from the leading edge to the trailing edge. The various 
theories on cavitation and cavitation damage will be 
dealt with later. 


Types of Cavitation 


There are different types of cavities met with in 
practice and they are: (1) Transient cavities or bubble 
cavitation where small individual bubbles grow, 
sometimes oscillate and eventually collapse and dis- 
appear, (2) Steady-state cavities. This is also 
known as sheet cavitation and laminar cavitation. 
These are the stationary cavities observed behind 
blunt bodies, at the sharp leading edges of hydrofoil 
profile. (3) Non-stationary cavities. These are simi- 
lar to steady-state cavity but vary, with time. (4) 
Travelling cavities. These cavities go through several 
cycles of rebound and collapse where as in the fixed 
type of cavity large sections of it are entrained by the 


flowing stream of liquid. As opposed to type of cavita- - 


tion, we have the kinds of cavitation. 


Prof. Shalnov of the U. 8. S. R. has made another 
classification which is more applicable in hydiaulic 
machines. The classification is based on the location 
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of different points ina machine. Taking Kaplan turbine 
as an example, he calls the cavitation on blades as 
“profile or face civitation’’. “Blade clearance cavita- 
tion” occurs between the blade face and the inner 
surface of the guide vanes or the draft tube. “Blade 
tip cavitation” occurs at the tip of the blades. 
“Roughness cavitation” occursduetothe perterbances 
due to the bad design and due to bad workmanship of 
the blade surface. The blade shoulder cavitation takes 
place at the junction of the blade and the hub. 


The stage of cavitation or the phase of its growth is 
characterised by the extension of the cavitation zone 
or by the value of the cavitation criterion. Any kind 
or type of cavitation may be encountered at various 
phasesof its growth depending upon the flow velocities 
and absolute Pr. Value. 


Different Theories on Cavitation Inception 


Various investigators have given various explana- 
tions for the inception of cavitation. It is universally 
accepted that cavitation is the formation, growth and 
collapse of cavities in water due to pressures far below 
the vapour pressure at a given temperature. Some 
investigatiors have attributed this to chemical effect, 
some to electrolytic affect, some take it as thermo- 
dynamic phenomena. But the latest accepted theory is 
the nucleus theory which postulates that some nucleus 
which mvy be in a solid, liquid or gaseous phase, is 
essential for the formation of cavities. 


Tensile Strength of Liquids 


In an absolutely pure water, the only way of creat- 
ing cavitation is by producing tension in it. To 
fracture a liquid creating a gap between molecular 
layers of the order of one molecular radius, the work 
required to be done is of the order of 10,000 atmos- 
pheres. Experiments have shown that cavitation can 
occur at very much reduced pressures. This has been 
attributed due to the presence of nuclei within the 
liquid containing air or vapour or both. It has been 
exp2timentally proved that water saturated with air 
but denucleated by application of high pressures exhi- 
bited high tensile strength. This isa further proof that 
the presence of nuclei is necessary for the inception of 
civitation at p*essures of the order of vapor pressure. 
The presence of a solid or a third phase is indicated 
by the fact that the surface energy ofa bubble bound- 
ed by a solid surfaceand a liquid surface may be very 
low as a consequence of which cavitation may be 
exp2cted to begin above as well as below the vapor 
pressure, depending upon the size and number of the 
nuclei. 


It has also been seen that the presence of large 
amounts of entrained air and of surface active agents 
muy raisethe cavitation pressure wellabove the vapour 
prssure. But latest experiments have shown that it 
is size, distribution and quality of undissolved gas 
nuclei that govern the pressure at the inception of 
cavitation rather than the total air or gas content in 
the fluid. 


Surface active materials reduce surface tension at 
surfac:s in interior of liquids or at boundaries. They 
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encourage early formation of cavities. The surface 
active materials are absorbed on the surface of the 
materials and this increases the interfacial tension. 
Thus the inception of cavitation depend on the 
nature of these surface active materials. 


Shear flow in several phases of cavitation has been a 
subject of study. In laminar boundary layer, the 
inception of cavitation is on the body itself. The 
bubbles emerge and grow at the point of origin itself 
and reach a size and then are removed and 
swept downstream by the flow. In case of tur- 
bulent boundary layers, where the pressure gradient is 
not very great the inception takes place in a region 
of 5 to 21% or the boundary layer thickness and in 
region of adverse pressure gradients inception occurs 
at about 30% of the boundary layer thickness. 


In the wakes of bodies cavitation depend both on 
velocity and pressure fluctuations that occur in such 
turbulent flow. 


Effects of Cavitation 


The effects of cavitation in hydraulic machines are: 
1, Fallin the efficiency of the machines. 
2. The vibrations. 
. 3. Cavitation noise. 
4. Cavitation damage. 


The fall in the efficiency of hydraulic turbines due 
to cavitation is a very serious factor and this is dueto 
the cavitation damage of the material of the runner. 
The bursting of the cavitation bubbles will result in 
undesirable noise and this noise level will have to be 
kept at a minimum, as otherwise it will have very bad 
oftects on the operating personnel. The collapse of 
the cavitation bubbles being instantaneous result in 
vibrations, the intensity of vibrations may be so great 
that the vibrations may result in bad cracks in the 
foundations and the penstocks. All the above effects 
of cavitation are to be minimised if not completely 
eliminated. 


The Mechanics of Cavitation Damage 


Damage in Hydraulic machines may be due to cor- 
rosion, erosion or cavitation pitting. The corrosion is 
due to chemical action or electrolytic action of 
water on the material of the machine. Erosion is due 
to the removal of the material due to the impacts of 
suspended solid particles on the metallic surface and 
consequent pealing of the material. The cavitation 
damage otherwise known as cavitation pitting is 
defined as the actual erosion of material under the 
pressures produced by the collapse of the bubbles 
formed by cavitation. It is possible to have cavita- 
tion without pitting but there can be no pitting without 
cavitation. 


In order to protect the components that are likely 
to get the cavitation attack, economic considera- 
tions dictate operation close to or tolerable conditions 
of cavitation and sometimes the repairs areaccepted 
as necessary evil. But the turbines and pumps have 
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to operate outside the design range resulting in 
pitting of runner casings and liners. 


There are several theories propounded by several 
investig .tiors on the mechanics of cavitation damage. 
Cavitation dim ge his b2en conceded today as due 
to mechanical action Lord Raleigh has calculated the 
pressurefor the collapse of an empty cavity within a 
liquid at rest and they are very high and the failure 
is due to fatigue. The thermodynamic theory also 
considers the high ptessures developed end con- 
sequent fatigue failure. Jet imp ict theory takes into 
consideration that water droplets are accelerated 
by the collapse of energy to very high velocities and 
impinge on the boundary surface. Haller has done 
some work in this direction and has shown that te- 
peated drop impicts of moderate magnitude can des- 
troy the material. 


Effects of corrosion in cavitation demage is stil] 
under investigation. Possibility of corrosion due to 
crystalline deformation is also considered. 


Prof. R.T. Knapp has related the damege to indivi- 
dual bubble colla pse of small cavities, travelling along 
the cavity interface toimplode at the rear of the cavity 
where the zones of maximum damage ere found. A 
cyclic process of cavity collapse and reforming oscilla- 
lates the stagnation point over an area. This concept 
links the damage to stagnation pvessure. Prof. 
Knapp has also proved that the total damage may 
prove independent of the length of the cavitation 
zone whereas damage intensity may be found greatest 
for short cavities. It is evident that the damage 
intensity is controlled by the pvessure availeble to 
collapse the cavity and the p-essure controls the 
cavitation zone. 


Shalner has shown that the erosion intensity is 
linked to Reynolds Number based onthe diameter of 
the cylindrical piece. He also observed that zones of 
maximum damage are claimed to occur at the point 
of bubble formation and crack away ftom the surface 
of the test piece. 


It is now an established fact that the pitting of 
miterials under cavitation is essentially a fatigue 
process under continuous impact of blows which ulti- 
mitely result in the chipping of the surface. Un this 
roughned surface the action is accelerated due to 
stress concentrations. Thus it has to be realised that 
the neccessity for p-oper select-on of materials for the 
turbo-mvchines and their components cannot be 
underestimated. 


The Cavitation Indices 


In hydraulic michines the consequences cf cavita- 
tion, viz. ,lossofm vterial,dam»ge, loss of performance, 
noise and vibrations are the most undesirable. It 
is not economical to design completely cavitation free 
and to allow a certain smount of cavitation damage. 
Model stuclies are mide for cavitation conditions as a 
function of operating conditions and applied to proto- 
types. In all stages c.vitation is p-essure controlled, 
as such, to clarify cavitation, pessure isa very impor- 
tant factor. 
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For steady flow conditions assuming that the loss 
between any two pointsina streem flow is negligible 
and the eftect of gravity isnil. We can writedown the 
Bernoulli equation 


P» + pYme =P in + 








P Vm" 
2 


where o and m denote the points referred to in 
fluid and P and V the pressure and velocities at the 
points. 


We can also write down 


2 
Po —Pn — | Ao ve 
nigote = [4p ] tox 


Where A and A,, are the areas at points where the 
pressures and velocitiesare measured. 


Introducing theterm vapour pressure P, we can write: 








P,. =P P.—P 
2,.<2 2» —2 _* __2 —K, 
P Van * PVin: 
Pr «P - se 
The term 2 —®% 2» =¢@ is called the Cavitation 
PVan 


parameter, Cavitation will commence when P,,=P, 





Hence —ogi =2 i e2m 
pV’? « 
P, —P,: — 
o=2 —®___v is the cavitation parameter for Ven- 
Po PYo  turi test section. 


In the case of hydrofoil sections 


Pah 


a — o 
o=2 Ve? 





Some investigations use the symbols g,;,, O40, and 
G,,;- Omin Will enable to find out the minimum pressure 
at which cavitation could be avoided. o,o, This 
gives an indication of the pressure reserves against 
cavitation and o,,; indicate when the pressures below 
vapour pressures are reached. 


For turbines and pumps we can write down: 


Paina—P, _— M 
Hr. Hr. 





o—O65= 


Pnin—P, represent the pressure reserve against oc- 
currence of critical cavitation at the point of lowest 
pressure in the machine. 


M=Margin of safety in ft. 


Hr.,. =Head utilised by turbine or Head developed by 
pump. Sigma critical can also be expiessed as 
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= Ho—Hs; max "This is the Thoma definition 
Tp. of Cavitation parameter. 
Where H,=Barametric height 
H, = Critical static suction height. 


H,—H, max Fo 
Y 


- Ogi 


o cri= 





Hr. 
Po Vapour pressure of liquid. 


If H, 


s max= M»x permissible static runner elevation 


above the lowest tailrace or sump level. 
We can write down the safe setting of the machines as 


Hy nee =Ha— AH-1y,—M for a machine with hori- 


zontal shaft. 


S max 





and Hy ma,=Ha—AH.1». — De —M for a horizon- 
tal shaft. 


is the minimum pressure head 
required at the runner eye to 
avoid critical state of cavitation 
at the point of lowest pressure in 


AHy and AH, 











runner. 
P 2 2 
AHr = 2 +A, Cs +A, a 
ry 2g -¥ 
a o,* Ww,’ 
and AH, = +A, — +, | 


Pdsderer has derived another equation for cavitation 


parameter 
N? 
100 





_ 
S= KA H3?? ( 
Q= flow in Cm/sec. 
AH=c H.r,, in Metres. 
N = R.P.M. 


| K=1—-P4 where Dn and D, are the hub and 
e 


eye diameters. 


S is a function of angle of attack and of 4 factors. 
S depend on N, the specific speed and head H. 7, p, 
in the range of low and medium specific speeds. 


gs-NVQ_ and for the use of centrifugal 
AH3* pumps. 
Ns 
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The term S is called thesuction specific speed and this 
is used in comparing the suction performe nce in tui bo 
machines of difterent N, by relating Cavitation per- 
formance to runner suction and suction o1 discharge 
branch shape. 


Another parameter used as cavitation parameter is 
called the thermal cavitation parameter and this is 
not much in use. 


¥. Oe oS 


= — =—-l 


VB L Vi 
Where V, and V, are specific volumes of vapour and 
liquid. 


Ant = enthalpy per unit weight of liquid (express- 
ed in thermal units) 


L = Latent heat of vaporisation. 


V, and Vy are respective vapour and liquid volumes. 


The general formula extensively used in cavitation 
analysis is: 


H,; — Hv 
n= < gid 
V?/2g 
K = cavitation parameter 


Hy = absolute pressure in liquid in feet of liquid. 
H 


» = vapor pressure of liquid corresponding to the 


temperature in ft. of liquid. 
V = relative velocity between the body and the 
liquid in ft. per sec. 
g = acceleration due to gravity in ft./sec/see. 
The sigma value for the hydraulic turbine is: 








_ H,—H, —H, 
H 
H, = Parametric pressurein ft. of water 
H, = Static suction head on bottom of the turbine 
runner in feet of water 
H = Net operating head on turbine in ft. 


Mr. K. K. Shalnev of the Institute of Mechanics, 
Academy of Science, U. 8. 8S. R. has developed the 
following equations for clearnance Cavitation. 


Clearance Cavitation Coefficient. 
PP. —P 
H as © v 

a Y q 


Where P is the pessure upstream of the clearance 
and beyond its zone of influence 





y2 


q= -,— where V is the mean vellocity in the 
& clearance 


y= specific weight of water 
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P,= Vapour pressure of water. 


Similarly Shalnev has developed equations for surface 
roughness Cavitation, tip cavitation, profile cavita- 
tion. 


In the case of pumps the head required to prevent 
cavitation is: 


V2 U.2 V2 
hs OE A fons! e 
2g 7 ( 2g ii se ) 


Where H,, =total energy required at the centreline 
of the impollerin excess of the vapour pressure to pre- 
vent cavitation at the pump impeller inlet region 
expressed in ft. of liquid. 


Hy = 


V.=liquid velocity just at the inlet but not yet 
within, the impeller, ft. per sec. 


U,=Peripheral velocity at the impeller inlet 
computed from the same diameter used to 
compute impeller eye area and hence V,. 


A=Diamensionless no., a factor varying with the 
angle of attack. 


g=acceleration due to gravity. 


Prevention of Cavitation in Hydraulic Machines (‘‘Con- 
sequences” has already been mentioned in the earlier 
pages) :— 


The result of cavitationinhydraulic turbines and 
pumps are: 


1. Loss of performance 
2. Material Damage. 
3. Vibration 

4. Noise. 


The efficiency ofthe machine as the cavitation sets 
in drops down considerably and there will be the 
drooping characteristic. The drop inefficiency in low 
specific speed machines is attributed to the reduction 
in the mean runner passage pressure being reduced to 
vapor pressure. In the case of axial flow machine 
with high specific speeds, the effects are far more 
gradual since runner passages are replaced by lifting 
surfaces, moving through a free stream, with cavita- 
tion the lift decreases and drag increases. In the 
case of low specific speed axial flow machines the water 
prssages get blocked which in tern modify virtually 
the blade and affect the performance of the machine. 


In designing for optimum cavitation conditions it is 
essential to avoid sudden contour changes in guide 
surfaces upstream of the runner and in the casing 
since septation or eddy formation are conducive to 
cavitation. The lowest pessures occur in the runner 
and thusthe design of the runner is a very important 
factor. 
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In the case of pumps the cavitation is due to the 
abnormalities in the local surface, causing departures 
from the ideal shapes, and the entrance conditions 
causing a non-anticipated flow pattern and non-uni- 
form flow in theimpeller by condition on the discharge 
side of the runner. The pressure drop at the leading 
edge of the vane depends upon the velocity of 
approach of the vane in the fluid, angle of atteck and 
conversion of the pressure head to velocity head at 
the inlet of the impeller. 


Materia! Damage 


Both in pumpsand turbines cavitation demege has 
been extensively met with inspite of best design 
conditions. Cavitation is observed on guice venes. 
speed rings, tounges of spiral casings, in runners end 
in the throat of draft tube, splitters of draft tube. 
The possible damages are due to contour separation, 
roughness, clearance flow. The roughness c: vite tion 
is localised in individual obstacles. Cleese nce ficw in 
axial flow machines can cause severe pittings et the 
blade tip and on the suction face of the tip region and 
also in runner casing. 


Vibration 

The vibration of turbines and pumps is a very 
undesirable factor and this, if transmittea to penstcck 
and pipelines, reaches the resonant frequency, it is 
very dangerous. This should be avoided. The vibra- 
tion may be due to blade cavitation or runner hub 
cavitation. Draft tube surges are consideied due to 
hub vortex cavitation. This type of vibration can be 
reduced by properly designing trailing edge. Injection 
of air has heen found to be very effective. This acts 
asa cushioning and this method could be adopted only 
in case of emergency as admission of air may lower 
the efficiency. 


Noise 

Another objectionable effect of cavitaticn is the 
cavitation noise. This is related to highly develeped 
stages of cavitation In power plants and pumping 
stations this will be a nuisance for the work ng staff 
and should be suppressed if not completely eliminated. 
Admission of air is only an emergency measure. 


Choice of Materials for Turko Machiné Components 
under Cavitation Attack 

Field experience has shown that cavitation pitting 
may occur in machine operating under ncimal lead 
without much drop in efficiency. The dem: ge under 
these conditions may be due to surface roughness, 
contour shape, clearence flow and could be noticed as 
due to clearance flows and separaticn of ficw. In a 
model test this cannot be reproduced such thet the 
absolute safeguard against cavitation cannot be done. 


The cavitation damage can be reduced by 


1. Adequate surface finish 
2. Correct contour design 
3. Cavitation resistant material. 


In the case of impulse turbines the parts that are 
affected by cavitation are the nozzle, the spear. 
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Buckets are damaged to a certain extent by cavita- 
tion but largely by erosion due to presence of sand, 
ice and other solids. The splitters of the bucket are 
likely to be damaged and these are the portions to be 
protected. 


In the case of Francis turbines the parts which are 
susceptible to cavitation damage are the guide vanes. 


zaring rings, suction face of runner blades, draft , 


tube throat wheel rims and wearing rings: 


In the case of Kaplan turbines the parts primarily 
affected are the runner blades, the runner hub and 
draft tube and runner casing. 


In the case of axial flow pumps the cavitation 
dam ge is likely to occur on blades, hub and casing 
and in centrifugal pump, the parts affected by cavita- 
tion are the runner blades, the eye of the runner, 
shroud and the casing. 


If proper careis not taken to make proper designand 
suitable material for the runner a lot of time and 
money will have to be wasted for overhauls and the 
p2tiod of shutdown will belong. But by using proper 
cavitation resisting materials the interval between 
overhauls can be increased. 


A lotof investigations have been conducted all over 
the world to find out the best material which gives 
minimum cavitation damage. The process of cavita- 
tion damage is quite slow. Sometimes, different 
simple m itarials are welded totherunnersand tested. 
Sometimes model runners are made of different mate- 
rials and tested. Sometimes jet impact testsare made. 
The quickest and best method is the use of magnetos- 
triction oscillator for the study of the cavitation 
damage of materials. 


Experiments conducted have shown that practi- 
cally all materials are affected by cavitation but the 
intensity of damage varies. 


Cast iron as cast is more susceptible to cavitation 
dam ge than stainless steel with difterent proportions 
of chronium and nickle. Experiments conducted on 
accelerated cavitation had shown loss in material 
expvessed as mm? at 20°C for cast iron 636.00 as 
agvinst 1.3 for 17/7 stainless chronium-nickle steel. 


The most desirable properties required for the mate- 
rials used for machines are: (1) Adequate mechnical 
prop2*ties, (2) Resistance to erosion attack, corrosion 
fatigue, cavitation attack. The materials should also 
have good casting and machining property and easy 
repvir conditions in the field. 


It has been an accepted fact that the cavitation 
dam.ge is mvinly a mechanical action and is entirely 
due to work-hardening of metal surfaces and the type 
of failure observed is entirely due to fatigue. Any 
material used in hydraulic machines should possess 
the following physical and mechanical properties to 
withstand the effect of cavitation. The material should 
hive adequate stiffaess, should be caprble of taking 
very fixe polish, should be fine grained, high fatigue 
strength, good corrosion resistance and should be 
hard. 


Cast iron is no good to resist cavitation damage and 
it cannot be welded. If welded after pre-heating; the 


‘equation of Thoma No. o= 
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material becomes brittle. This material could be used 
for low head machines in scroll tube, guide vanes, 
small capacity pumps and draft tubes. 


Low carbon steelcould be used upto 500 meters head 
but this material has poor cavitation resistance and 
used for medium head units. 


Stainless steel with 12 and 14% chronium has very 
good cavitation resistance and also stand against 
erosion attack, can be welded after preheating. This 
material is extensively used for Pelton, Francis and 
Kaplan runners. 


Of the several materials and alloys stainless steel 
has proved the best material in all its properties. It 
stands well against attack from foreign matter can 
stand chemical action, can be work-hardened. Alu- 
minium, Bronzealloyslike Ampco Bronze has very high 
cavitation resistance and is extensively used. Bronze 
runners are good but casting is difficult and welding 
troublesome. 


Economic considerations and the difficulty in ther- 
mal treatment of stainless steel has led to the use of 
cast lowcarbon and low alloy steel, with prewelds. 


Compared with cost of low carbon steel, the stainless 
steel is nearly 24 times costly and carbon steel with 
ptewelding of stainless steel is about 14 time costly. 


With regard to welding methods, the two well 
known are the deposit welding and the strip welding, 
and strip welding is better as there is no possibility of 
deformation or residual stress. 


It has become an accepted practice to fabricate the 
machines out of stainless steel than casting as it is 
less expensive. 


Use of paints, stainless steel sprays rubber is also 
used and the stainless steel spray has proved effec- 
tive. Use of stellite and welded stellite overlays are 
quite good but expensive. 

Liquid Neoprene is used with very good effect for 
field repairsand it has been found to beeconomical and 
even superior to chromium steel. The binding techni- 
ques has made the use of neoprene very promising. 


In the foregoing paragraphs the various materials 
used and the treatment to reduce cavitation damage 
has been explained in detail. The cavitation effects 
could considerably be reduced by aregular inspection, 
welding of the pitted portions, resurfacing of the 
blades and vanes. A sub-layer of 25/20 or 15/12 
stainless steel followed by a second layer of stainless 
steel 18/8 or 19/9 has been found to be effective. 


Another method of reducing the cavitaticn damage 
is by keeping the machine as low as possible. In the 


it could beseen that ‘f H, the height ofsettingissmall, 
the Thoma number will be bigand this meansthe cavita- 
tion susceptibility could be considerably decreased by 
keeping the sigma value high which can be done by 
decreasing H, but there is a limit for this as the cost 
of keeping the runner very low will be quite consider- 
able and may not be economical. 











The Flow in the Rotating 
Passages of a Centrifugal Pump Impeller 





When endeavouring to understand the mechanism 
of the transfer of energy from the impeller to the fluid 
in a centrifugal pump, it is useful to have a knowledge 
of the velocity distributions within the impeller pass- 
ages. When these velocity distributions are known, 
deductions can be made shout the pressure distribu- 
tions along the blade faces and hence the blade load- 
ing and input work. This indicates those portions 
of the blades where improvement of shape could best 
be made and the location and extent of cavitation 
danger. 


There are two basic methods of observing the 
flow within the pxssages of a rotating impeller. Pitot 
tubes or other instruments may be rotated with the 
impeller and the indication of speed and direction 
taken out through the shaft. Alternatively, the paths 
of tracers of unit specific gravity introduced into the 
flow in a transparent model impeller may be fe- 
corded photographically. This latter method has been 
used by other investigators to obtain records of 
instantaneous absolute flow paths and has now been 
extended byus to obtain photographic records of both 
the relative and absolute instantaneous velocity 
vectors. 


The method and apparatus have already been 
described in B. H. R. A. Publication No. RR. 518, (1) 
but for convenience diagrams and photographs of the 
apparatus are reproduced here as Figures 1 to 4, 
and a brief description of the technique is given 
below. 


This p%per is an extention of the work described 
in RR. 518 and includes records of the flow at half 
normal, notmal and one and half times normal 
delivery. Normal delivery is defined as the delivery 
corresponding tothe best efficiency for the complete 
pump; i. e. a flow ratio, C,,,./U, of 0.091 and a head 
coefficient, gh/U,? of 0.53. (Fig. 2). 


THE TECHNIQUE 


The impeller draws the water from a vertical suc- 
tion pipe and dischargesit between parallel plates into 
a large cylindrical tank which is connected by 6’ 
pipework to a booster pump, throttle valve and 
metering nozzle back to the suction pipe (Fig. 1). 
Solid particles of unit specific gravity are introduced 
into the suction pipe well upstream of the impeller. 
Records of the relative flow paths of these tracers are 
obtained by exposing 2 photographic plate in a 
camera attached to and rotating with the impeller 
shaft, for say 1/50th second at an impeller speed of 
60 r. p. m., and arranging for two high intensity 
flashes to occur one just after the opening and the 
other just before the closing of the camera shutter. 


By G A. J. YOUNG 


Records of the absolute flow paths are obtained bya 
similar technique using a stationary camera. 


Sample records of the flow paths are shown in 
Figs. 5 to 9. 


For convenience in the photographic work the tests 
have been made at an impeller speed of 60 r. p. m. 
At this speed the impeller Reynolds Number (as 
defined by Stepanoff 2) is 7,200 (cusecs/ft. dia. x7). 
Stepanoff has shown that head coefficient is une fiected 
by speed abovean impeller Reynolds Number of 3,000, 
so that the bulk of the flow pattern measured at these 
low speeds should still be representative of bigh 
speed conditions. Overall efficiency however does 
increase with increasing Reynolds Number. Other 
B. H. R. A. tests verified that relative velocity was 
proportional to impeller speed down to the seme criti- 
cal impeller Reynolds Number of 3000. 


THE IMPELLER 


The impeller is a full size model, constructed in 
““Perspex’’, of a 14.13 inch (360 mm) diameter im- 
peller used in a commercial 6” centrifuge] pump hav- 
ing @ normal duty of 970 g. p. m. and 132 ft. head at 
1450r. p.m. Thespecific speed is 1158. Dimensions of 
the impeller and the H-Q characteristic of the 
complete pump are shown in Fig. 2. 


PRESENTATION OF RESULTS 


(a) Observed Relative Velocities : 


The distributions of relative velocitythroughout the 
impeller passages at 0.5 normal, normal] and 1.5x 
normal delivery are shown in Figs. 10 to 12. These 
are compos:te diagrams obtained by supetimpos ‘ng 
the records from a number of plates. and are useful 
in obtaining a general picture of the flow petterns at 
the three rates of flow. There appear however to 
be variat’ons between the records obtained from diffe- 
rent plates taken at the same nomine!] flow rate, so 
that subsequent analyses have been made from indi- 
vidual plates at each flow rate. 


The distribution of relative velocity actoss a blade 
passage (B-C in Fig. 16) at the three flow rates are 
shown in Figs. 13 to 18- Tnese curves have been ex- 
trapolated to the suction face of the blade in order to 
estimate the loss—free relative velocities at the blade 
faces which are necessary if pressures ate to be cal- 
culated from the relative Bernoulli equat‘on. In cases 
where there isa region oflow velocity near the trailing 
face of the blade, such as sections 6, 7 and 58 of Figure 
15, the graph has been extrapolated asa straight line 
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and the higher velocity used in the computation of 
pressure distribution. 


The distributions of relative velocities along the 
blade faces derived from the extrapolations of the 
above graphs are shown in Figs. 19 to 21. 


(b) Derived Quantitizs 

The p‘essure distributions along the blade faces 
have b2en crlculated from the relative velocity dis- 
tribution by using the Bernoulli equationfor rotating 
co-ordinates. 


> 
P —— ——— = H,, = Constant 1 
ly + : (1) 


Assuming the relative total head, H,,, is constant 
and equal to the cotal head atinlet P;/y, thereal total 
head, H,, may be shown to be equal to the relative 
total head, plus the head generated by the impeller. 


, 4W'-U" _ Ps the total head at 
2g Y — inlet. 
H, = +5 





W? sin? p (u—w cos p)* 
2 5 
2g 2g 
w? sin? p+u?-+w? ccs? p—2 uw cos p 
2 
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a 





u?-+w* 2uw cos p 
2g 2g 








u?+w* _ 2u(u—C,) 








“oe 2g 
Oe: too u. Cu 
Y . 2g g 
i. e. H,—H,= u. Cu , the head generated by the 


impzller up to the radius r where the peripheral velo- 
city is u. 


A non-dimensional coefficient rep"esenting the sta- 
tic pvessure at a point at radius r in the impeller may 


[2] 131 
“lett 








Ww 
Ug 


(2) 








Using suffixes (D) and (T) for the driving and trailing 
faces of the blvis, resp2ctively, the diff2rence of 
pessure across the blade at any radius r is given by. 


er 
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128 tes me 3 
[Z]o [= Jo (3) 


The blade loading, or perpendicular difterence of 
head across the blade at any radius ris 


A u,” 
mee (Cr —Cya) ) (4) 


Y 


The torque due to the blade loading for blades is 
given by 

Tr? 

T=n br 4p dr 


T, 


(5) 


r? 


The impeller power=2x N_n br 4p dr (6) 
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The following fuctions have been plotted in Figs. 20 
and 21, expressed in terms of the peripheral velocity 
head u,?/2g 


Kinetic energy of the relative flow at the trailing 


W*o) 
3g 


face = — 


Kinetic energy of the relative flow at the trailing 
We 


face= — 


€ 


The static pressure head (referred to the total head 
at inlet) 


at the driving face=P(p)/y 


The static pressure head (referred to the total head 
at inlet) at the trailing face= P(t)/y 


The blade loading= AP/y 


The torque per unit radius (for one blade)=b r Ap 


DISCUSSION OF RESULTS 


Figures 15 to 18showthat at normal and 1.5 x nor- 
mal delivery the relative velocity along sections across 
the p2ssage normal to the flow increases approxima- 
tely linearly from the driving face of one blade to the 
trailing face of the preceding blade except, at normal 
delivery, on the trailing face near the blade exit tip, 
where there is a region of low relative velocity as 
shown at sections 6-8 of Fig. 15. This indicates a 
w.'ke or region of low energy fluid such as has been 
observed by Mr. Worster (*), but there is no evidence 
from the photographs to suggest the presence of back 
eddies on the outlet tips of the trailing face of a blade 
as has been found by Mr. Peck (‘). 
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The loss of energy due to this bad flow amounts to 
about 4% of thetotalenergyatsection (8) of figure 16 
or 25% of the kinetic energy. In terms of the kinetic 
energy thi3 loss is the same at sections 6, 7 and 8. So 
that it would appear that all the loss has occured 
before reaching section (6) and that there is no further 
loss after this section. 


There isno evidence of this wake at the higher flow 
rate (Fig. 17). 


Theimpeller at present has flat tipsand it would be 
an interesting experiment ata later date to endeavour 
torelate the increase in head which is normally obtain- 
ed by backing-off the blade tips on the trailing face 
with the changes in relative velocity distribution and 
flow pattern. Mr. Lupton (5) suggests that backing- 
off the tips causes a local increase in the whirl com- 
ponent. Alternatively itmay be that the backing-off 
ofthe blade tips reduces the wake onthetrailing face 
and thereby increases the flow component. 


The low relative velocity on the driving face of the 
blade and the higher velocity on the trailing face is in 
generalagreement with the flow patterns deduced from 
potential flow theory (5). The distributions of rela- 
tive velocity along the blade feces, obtained by 
extrapolation of the relative velocity distributions 
across the p»ssage, are shown in Figures 20 and 21 
for norm and one and a half times normal deliveries. 
These have been used in calculating the pressure dis- 
tributions along the blade faces from the Bernoulli 
equation for rotating co-ordinates, as explained in 
section 4(b). Feomthese the pressure across the blade 
or blade loading, and input work have been derived. 


Witbin the accuracy of the measurements, which is 
about 10%, thederived blade loading and input work 
agree with that obtained from the head-quantity 
tity characteristic for the complete pump for both 
normal and 1.5x normal delivery, This is not very 
conclusive evidence in itself, but it supports the view 
put forward by others (°), (7) that the Bernoulli 
equation can be used torelate pressures and relative 
velocities in a centrifugal pump, when the flow rate is 
high and there are not extensive regions of separation 
and consequent losses of energy. 


The mean blade loading at normal delivery derived 
from Fig. 20 is about 0.18 u,?/2g and the ratio of the 
maximum to mean blade loading about 1.5. The maxi- 
mum blade loading and torque/unit radius occur at 
5.3 and 5.6 inches radius respectively which is the 
region just beyoud the blade overlap. 


By plotting the total work doneuptoa given radius, 
derived from the bladeloading against radius (Pig. 22 
it will be seen that 62% of the total work is done 
between 4” and 6” radius whereas only 18% is done 
up to 4” radius, 20% in the last inch of radius and8% 
in the last half inch. 


At 1.5 normal delivery the mean blade loading is 
about 0.16 u,?/2g and the ratio of the maximum to 
mean blade loading about 1.6. The maximum blade 
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loading and torque/unit radius occur at about 6 inches 
radius. 


Fig. 22 shows that at this delivery, although the 
same fraction (62%) of the total work is done be- 
tween 4” and 6” radius only 12% is done up to 4” 
radius, 26% in the last inch of radius and 8% in the 
last half inch. 

For comparison with Fig. 22, the distribution of 
head generated throughout an impeller passage has 
been plotted in Figure 23. This has been prepared from 
the product of whirl component of absolute flow C, 
and the local peripheral velocity of the impeller u. 


The four lines O, P, Q and R refer to the four 
sections of the passage shown in the sketch. 


This diagram indicates that at a given radius more 
head is generated near the driving face of the blade 
than near the trailing face, except near the blade out- 
let tip where therevers occurse. Thisagain emphasizes 
the influence of the shape of the blade trailing edge at 
the tip upon the head generated and suggests that the 
low relative velocity and hence high absolute whirl 
component in this region assist in increasing the mean 
head generated at outlet, although the resultant 
peaks in the absolute flow may cause additional 
mixing losses in the casing. 


The mean head coefficient at the impeller periphery 
determined from the average of the products of C,, 
u, at the impeller periphery is 0.52 which is a little 
below the head coefficient for the complete pump. 
(0.53 at b.e.p.) Theimpeller head coefficient should be 
slightly greater than that for the complete pump 
because of the losses in the volute casing. 


At half normal delivery the relative flow patterns 
are complex, as will be seen from Figs. 9, 13 and 19. 
The velocities are higher on the driving face of 
the biade than on the trailing face and there is evi- 
dence that the flow differs from passage to passage. 
The transverse velocity distributions shown in Fig. 13 
are obtained from one plate and are given as an ex- 
ample of the non-uniformity. The relative velocity 
distributions alongthe blade faces shown in Figure 19 
are from three different plates and illustrate the scat- 
ter which exists in the results. 


Morelli (°) has found similar instability in the flow 
at small deliveries in tests on a radial impeller and hag 
explained it as stalling of alternate vanes. A similar 
phenomenon has been observed in investigation of 
surges in centrifugal compressors (°). ; 


CONCLUSIONS 


Theresults so far obtained indicate that the method 
can provide a valuable insight on the relative and 
absolute flow patterns within the impeller passages 
and the eftect of blade profile. At normal delivery and 
above, when velocity distributions are fairly steady, 
the pressure and total head generated may be derived 
from the velocity distributions with reasonable ac- 
curacy. 











The Flow in the Rotating Passages of a Centrifugal Pump Impeller 
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Fig. 2. Details of impeller. 

















Fig. 1. Diagramatic epee of transparent 





a 





a 








we i" 
me 
Fig. 10. Relative velocity distribution through- Fig. 11. Relative velocity distribu- Fig. 12. Relative velocity dis- 
* out impeller pesengen at } normal tion throughout impeller tribution throughout 
delivery. passages at normal deli- impeller a at 
very. 14X normal very. 








'e 
; 
> 
a 
oO 
ra] 


~ 


RtaTive veLoerry Ke 
+ 





i 
© 



































Fig. 13. Relative velocity distribution across blade 
passage at }< normal delivery. 
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Fig. 15. Relative velocity distribution across blade 


passage at normal delivery. 





Fig. 16, Key to sections for Fig. 15, 
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Fig. 19. Distribution of relative velocities along 
blade faces at {x normal delivery. 
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At half normal delivery the results confirm the 
already known instability of flow both with time and 
between blade p.ssages and suggest that cinemato- 
graph recording of the relative flow in alltne passages 
at the same time would be desirable. 
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List of Symbols 


= width of impeller, at any radius r from front shroud to 
back shroud. 


C = absolute velocity of particle at any radius r. 

Cu = the whirl component of the absolute velocity. The suffixes 
1 and 2 refer to the eye and the periphery of the impeller 
respectively. 

Cp = a non-dimensional coefficient representing the static pre- 
ssure at a point at any radius r in the impeller, the suffixes 
(D) and (T) refer to the driving and trailing faces of the 
blade respectively. ; 

Hc. = the total head in the Bernoulli expression for the absolute 
flow. 

Hw= the total head in the Bernoulli expression for the relative 
flow. 

N = speed of impeller, (r.p.m.) 

n = number of blades. 


P = the static pressure at any point in the impeller. 
A\P = the perpendicular (normal) difference of pressure across the 
blade at any radius r. 


Pr = the total pressure at the inlet to the impeller. 
T = Torque due to the blade loading. 

r = the radius cf any point in the impeller. 

u = feripheral velocity of impeller at any radius r. 


w = relative velocity of particle at any radius r. 


Continued from page 99) 


the absolute flow angle. 
the relative flow angle. 
the specific weight of the fluid (62.4 lb/ft3 for water). 
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Speed Control of a Prime Mover 


well away from any pessible forcing frequencies, such 
asthe fi-ing frequency ofa givencylinder. Inany case, 
the magnitude of the swings will be minimized by the 
introduction of the m»ximum feasible amount of 
damping. This is done in an alternator by the use of 
fully connected amortisseur windings in the field pole 
faces. 


It should be noted that the natural frequency of 
oscillation of an alternator on synchronous load 
dep2n 1s upon its inertia or WK? and the synchroniz- 
ing torque, which in turn dep2nds upon the design of 
the alternitor, the load carried, and the characteris- 
tics of the transmission line and paralleled generating 
equipment. This implies that a range of frequencies 
must be avoided when designing springs drives or 
considering possible forcing impulses. This fact makes 
doubly important the utilization of maximum damp- 
ing in the amortissur windings so that oscillations 
which do occur may be of minimum amplitude and 
die out as quickly as possible. 


There is another aspect to this problem in which the 


governor manufacturer is vitally interested. The 
mnner in which any control system behaves is deter- 
mined by the dynamic characteristics of the governed 
System. The. purpose of governor adjustment 
is to so determine the governor characteristics, 
that, when combined with the other system charac- 
teristics, satisfactory contro] results. This implies 
first that the system is stable; that is, it returns to 
the desired equilibrium speed after a disturbance; 
and second, that the speed (or load) deviation is not 
too great and that the error is corrected quickly and 
without excessive oscillation. It follows therefore that 
a change in system characteristics such as described 
above should be accompanied by readjustment of the 
governor for best results. Since this is not usually 
teasible, the adjustment used is necessarily a com- 
promise. In general a compromise can be found that is 
acceptable for all normal conditions of operation, but 
oceasionally a unit hassuch bad paralleled characteris- 
tics that satisfactory performance both on and off 
the line is impossible with a single set of adjust- 
ments. 

















Lubrication of Modern Hydraulic Turbines 





When I was asked to take part inthis symposium I 
felt that the best contribution I could make was to 
cover a topic based on my long experience in the Petro- 
leum industry. Lubrication of Hydraulic Machines 
suggested itself but this by itself would be a vast 
subject and therefore to limit the scope of my p»per 
I shall deal only with the “Lubrication of Hydrau- 
lic Tutbines”’. 


In the maintenance schedule of plant and machinery 
‘Lubrication’ comes foremost. As is well known 
maintenance may be of two kinds, preventive and 
ad-hoc. Lubrication comes under the category of 
preventive maintenance the benefits of which require 
‘no special emphasis. 


In this p2per I shall try and cover briefly the follow- 
ing aspects: 


1. Some fundamentals of friction and lubrication; 


2. The various parts of typical hydraulic turbines 
which require lubrication and their special 
featutes; 


3. The common methods provided for lubrication 
of the various parts of the turbines; 


4. Lubrication requirements of hydraulic turbines 
and how these can be adequately looked after. 


Fundamentals of Friction and Lubrication 


The force that tends to retard the relative motion 
of two surfaces in contact with one another is called 
friction. Lubrication is the means by which thet force 
can be reduced or partially overcome. 


The aim of lubricationisto prevent metallic conta ct 
between the two moving surfaces by interposing a 
fluid film between the two. Any fluid is a lubricating 
agent toa lesser or greater degree. Air, water, tallow, 
fatty oils, mineral oils, soap and graphite are all lubri- 
cants. There are literally hundreds of grades and 
combinations of these lubricants in the market; plus 
many more created by the addition of special purpose 
additives, in the regular range of lubricants. The 
problem is to find the particular lubricant whether oil 
or grease, best suited to a set of operating conditions. 
Grease is nothing but soap thickened oil. Thefunction 
of the soe pis to serve as 2n oil container but it is the 
oil alone which serves as a lubricant. 


Friction is of three kinds; solid, fluid and rolling. 
These h wwe descending valuesof co-efficient of friction 
and th2~efore in all m whinery the aim of thedesigner 
is to replace the former by either one of the later two; 
mostly fluid friction. 


By P. GOVINDAKRISHNAYYA 


Fluid friction itself is of two kinds, ‘thick film’ or 
‘hydro-dynamiec’ or ‘thin’ film or ‘boundary friction. 
In Hydrodynamic lubrication viscosity is the all 
important factor as far as the lubricant is concerned. 
Boundary lubricat‘on is brought about by decree sing 
the thickness of the oil] film to less than 1/40000” by 
increasing the load or decreasing the relative speed of 
the moving parts or the viscosity of the oil; in which 
case the effect of boundary forces are no longer negli- 
gible as compard with the effect of the viscosity of the 
oil. 


Equation F=2zx? D/C. ZN/P isa general formulae 
for the coefficient of friction of a ‘Journal bearing’ 


Where D= Diameter of the journal and C= the dia- 
metral clearance betweenShaft and Journal 


Z = Viscosity, N= Velocity, P= Pressure 
(load per unit of projected area) F= 
Coefficient of friction. 


The coefficient of friction in ‘solid’ friction for the 
usual bearing mteris.ls (D:y-nonlubricated surfaces 
under ordinary conditions) vary between 0.1 to0.2. 


The coefficient of friction in ‘Thick Film’ orhydro- 
dynamic lubrication normally varies from 0.01 to 
extremely low values such as 0.001. A fair figure to 
assume is 0.005 depending upon the viscosity of the 
oil. It may however go as high as 0.05 depending on 
the sheology of the lubricant and other opeiating 
conditions. 


The coefficient of friction under conditions of 
efficient boundary lubrication may no: me lly be te ken 
at 0.05 to 0.15 but here again the values can vary 
widely, particularly on the bigher side. 


In rolling friction, i.e., with ballond roller bearings, 
the coefficient of friction may be 0.0015 for near opti- 
mum conditions and is practically constent thiough a 
wide range of speeds and loads. 


Some factors to remember in respect of friction are: 


1. It is impossible to make asurface which is truly 
flat or truly round; 


2. The true area of contact in any bearing is very 
small. It varies with the load. Therefore even for 
compratively light loads the pressure at the point of 
9 may exceed several hundred tons pei square 
inch; 
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3. There is evidence that friction of metals is due 
mainly to the welding of the metal under these enor- 
mous p‘essures at metallic junctions and tothe force 
necessary to shear and break these tiny junctions; 


4. The friction between truly clean surfaces are 
enormous but ordinarily all surfaces are covered with 
a thin liyer (microscopically thin) of moisture and/or 
oxide. O;sherwise movement would have been impos- 
sible on this earth; 


5. To overcome friction, work has to be done. This 
energy is dissipated mainly in the form of heat; this 
also raises the temperature of the surfaces unless 
cooled to keep the temperature within safe limits; 


6. Movement also brings about wear. Under ideal 
conditions in thick film lubrication there should be 
negligible wear, since the surfaces do not come in 
contact; 


7. In thin film lubrication (boundary lubrication) 
the surface layers have a habit of touching. The thin 
boundary filmof oil (a few moleculesthick) is un-bleto 
cushion, the moving surf ces effectively. This film no 


longer acts like a liquid; its viscosity is nolonger an _ 


effective factor. Friction under these conditions is 
dependent on the nature of the surfaces themselves 
and on the chemical constitution of the lubricating 
oil layer; 


8. Under boundary lubrication conditions, a mine- 
ral oil is not so good a lubricant as a fatty oil of the 
same viscosity. 


There are fundvmentally three kinds of motion in 
machines, i. e., ‘Round and round’ or ‘Rotary’, ‘To 
and fro’ or ‘Recipvocatory’ and ‘Swinging’ or 
‘Oscillatory’. Care has to be taken in lubrication to 
allow for these different kinds of movement. It will 
be found that all moving pirts in a machine are 
supported by machine elements called bearings. 
Bearings not only support but also restrict the motion 
of the mvoving pvrts to the required degrees of free- 
dom. Since relative motion occurs at such bearings 
under condition of metallic contact, all bearings 
have to be lubricated. There are different kinds of 
bearings but of these the most important for our pur- 
poses are the journal bearing, the thrust bearing, and 
the guide bearing. 


For each bearing 2 suitable method of dispensing 
the lub:ic+nt is incorporated to ensure that the oil 
is delivered to it as required. Also suitable provision 
is made in the bearing to ensure that the oil spveaas 
on the rubbing surfaces and builds up sufficient thick- 
ness as to effectively separate the moving surfaces. 


Bearings are designed for ‘thick film’ lubrication 
wherever possible in order to take advantage of the 
low rate of abrasive wear and the low friction loss but 
this is not always possible and some bearings have 

arforce to b2 designed or have-to work under what are 
ceown as boundary lubrication conditions or even 
extreme pressure conditions. 
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The type of lubricant to be used will depend upon 
the physica] feature of the bearing such as dimen- 
sions, design, types of metals used in construction 
and also its operating conditions such as speed, load, 
temperature, atmospheric conditions, etc., Rut gene- 
rally it will be found that the higher the speed the 
smaller will be the clearance and the ‘lighter’ i.e., 
less viscous the oil for satisfactory operation. On the 
contrary the slower the speed, the greater will be the 
clearance and the ‘heavier’ the oil required. 


Vixcosityofalubricantisthe mostimportantcharac- 
teristic in selecting the lubricant for a bearing. For 
each application there is a particular viscosity which 
gives optimum conditions of service. Viscosity chan- 
ges with temperature, with pressure and with ageing 
and deterioration in use. An optimum viscosity which 
allows for the effect of all these factors would best 
suit the bearing eventhough it might be a compromise 
between conflicting benefits. 


Next come, characteristics like chemical stability, 
oiliness, detergency, viscosity index, pour point, 
demulsibility and a host of others. The reason why pe- 
troleum derived lubricantsare universally for lubricat- 
ing machinery and plant is because of their inherent 
stability, easy availability and economy in use, as 
compared with elternetive lubricants like fatty oils, 
fats, etc., which were effectively displaced by mineral 
oils more than a certury ago. Fatty oils on the other 
hand possess greater ‘oiliness’ than mineral oils and 
for this very reason where necessary blends of the two 
known as ‘compounded oils’ are used. Other desirable 
characteristics which require emphasis according to 
the application are reinforced by adding suitable 
substances, generally organic chemicals to minerals 
oils. Such chemical are called additives and the blends 
are called ‘Additive Oils’. Some ofthe common charac- 
teristics which ere reinforced in this manner are deter- 
gency, oiliness, oxidation stability, viscosity index, 
pour point, and soon. 


Mineral oils possess inherently many of the desir- 
able characteristics to a lesser or greater degree, 
depending upontheir originand the refining processes 
to which they were subjected. Additives are added 
only where the operating conditions demand them. 


It is therefore obvious that for the same application 
dozens of grades of different qualities are available in 
the market. It is important that the user and the sup- 
pier must ensure that the oil possessing the correct 
combinat‘on of characteristics is chosen for any given 
application. The choice of a lubricant is more than a 
mere ‘Hit and Miss’ proposition. Basically there are 
three important steps in the selection of a lubricant. 


1. Study operating conditions; 
. Determine lubricant characteristics exactly 
suited to those operating conditions; 


3. Select a lubricant; 


to 


Most established oil firms have technical depart- 
ments to provide this service to the user but he, the 
user, must place due emphasis on price and quality 
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consistent with economy before making a final choice. 
The use of low priced lubricants may necessitate fre- 
quent oil changes and even renewal of parts due to 
abnormal wear and tear. Maximum reliability of plant 
- Operation is also a factor that is worth taking into 
account, 


The Various Parts of Typical Hydraulic Turbines 
Which Require Lubrication and their Special 
Features 


j 


Modern hydraulic tubines comprise— 
- (a) the Impluse type and 


(b) thereactiontype. The best representative of the 
impulse type is the Pelton Wheel. There are however 
two distinct kinds of turbines covered by the reaction 
type in modern practice—normally the Francis tur- 
bine and the Propeller turbines of which the Kaplan 
is the most sophisticated and best known. Propeller 
turbines are of two kinds; one in which the runner 
vanes are fixed and the other in which the runner 
vanes are adjustable and the Kaplan typifies the 
latter variety. 


Normally Pelton Wheels are horizontal but for very 
large cizes it is more convenient and economical to 
make them vertical. The same is true of Francis tur- 
bines. On the other hand Kaplan turbines are gene- 
rally vertical. 


The large majority of hydraulic turbines are instal- 
led in hydel stations and invariably the prime mover 
is directly coupled to the generator and its exciter. 
. The design and installation of all these units are nor- 
. mally carried out as one integral unit. Therefore as 
far as lubrication is concerned the parts to be lubrica- 
ted on hydraulic turbines are not distinct from those 
of the turbo-generator set asa whole. 


There are some hydraulic turbines employed for 
driving industtial machinery direct, but these are 
comparatively small in size and comparatively few 
in. number. In any case the lubrication features of 
these industrial water tubines do not differ materially 
from those installed at hydel stations. 


The number of parts to be lubricated ina hydraulic 
turbine are comparatively few and the operating 
conditions are not particularly arduous. In turn, 
lubrication requirements of these machines are there- 
fore not particularly complex. The parts to be lubrica- 
ted comprise sessentially of main bearings which hold 
the shaft ofthe turbines, some subsidiary bearings and 
a number of miscellaneous parts on the opereting and 
control mechanism of the turbine. Very often the 
governor, the servomotor and automatic control 
gear forms pvt of the lubrication system at a hydel 
station but sincethere isa separate paperon ‘hydrau- 
lic turbine governors’ the mechanical] details of this 
equipment, or its oil requirements will not be gone 
into in this paper. 
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Common Methods Provided for Lubrication of the 
Various Parts of the Turbines 


In what follows a classification will be made of the 
varioustypes of bearings on hydraulicturbinesand the 
methods provided for its lubrication. 


Horizontal Turbo Sets:—The rotor is mounted hori- 
zontally on pedestal bearings with a thrust bearing 
where end thrust has to be taken care of—as in the 
case of single runner Francis turbines. The lubrica- 
tion system may be any one of the following:— 


i. For oillubrication: 1. Circulating system; 
2. Ring or collar oilers; 


3. Deip-feed oilers. 
ii. Grease lubrication: Grease cup for small units. 


Vertical Turbo Sets:—The main shaft in this case is 
suspended from a Thrust bearing of the collar or 
tilting pad type such as the Michell or Kingsbury 
bearing. To fix the vertical alignment of the shaft 
there are generally three or more guide bearings; one 
e2ch immediately above and below the generatoi and 
one on the turbine shaft close to the tut bine runner or 
revolving unit. The thrust bearing carries the entire 
weight of the runner and also the hydraulic thrust on 
it. The function of the guide bearing is only to hold 
it in position. The lubrication systems genetally ptovi- 
ded are as follows:— 


1. Thrust Bearing: all types 


a. Oillubricated: Oil bath or circulating system 
b. Grease lubricated: Grease filling. 


2. Guide bearings: 


a. Oillubricated: Circulating system 
b. Grease lubricated : Grease filling 01 grease cup 


Operating Mechanism for Both Horizontaland Vertical 
Turbo seis:— 


1. Hydraulicallyoperated Oil is used as the hydrau- 
Governor, servomotor lic medium ana vey often 
and remote control. it is the same oil as is 

used forthe muin bearings. 


(b) Operating mechanism Oil bath system of lubri- 
within the runner head cation. Generally lubri- 
of Kaplan turbines cated by filling the head 

with oil. 


c. Miscellaneous small bear- 
ings on the tur bines such 
as pins, shackles slides, 
gears, etc 


Oil lubricated: 
Grease lubricated : 


Hand oiling 
Giease cup. 


Lubrication Requirements of Hydraulic Turbines and 
how these can be adequately looked after. 


The lubricants requirements of hydraulic turbines 
are not particularly exacting or complex foi the number 
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of parts to be lubricated are few; the conditions of 
operation not particularly arduous and the scope for 
design of suitable bearings not too restricted. Ac- 
cessibility is somewhat restricted as in the case of the 
control gear in the runner head of Kaplan turbines; 
contact with wateror moisture laden air cannot 
always be avoided. 


A satisfactory water turbine oil must therefore 
first provide: 


1. adequate and dependable lubrication; 

2. must be easily able to separate from water; 

3. must resist oxidation particularly in view of its 
use as a hydraulic medium in the governor and 
allied control gear where it comes in contact 


with compressed air; 


4. resist frothing; 


cu 


. possess rust-resisting properties over long 
periods of service. 


A chart of oils which are considered suitable for 
hydtaulic turbine is give below:— 


(2) For all main bearings Circulating or oil both 
oil lubricated: system—Solvent _ refined 
" p taffinic low viscosity, 
low pour point oil spe- 
cially strengthened in res- 
pect of its ‘Anti-rust’, 
‘Anti-form’ ‘Anti-oxidant’ 
characteristics and of tur- 
bine oil quality., Vis- 
cosity range from 80” to 
105” R.I.at 140°F depen- 
ing upon makers recom- 
mendation. 
(b) Guide bearings: Sameas for main bearings. 
(c) Drip feed oilers or ring A straight mineral (acid 
or collar lubrication refined) or compounded 
oil of second quality of 
viscosity of about 125” 
R. I. at 140°P. 


(d) Ball and roller bearings Sameasfor main bearings. 


(e) Oil filled propeller head Paraffinic solvent refined 
of Kaplan turbine. straight mineral oil of a 
viscosity about 650” R.T. 

at 140°F. 


For grease cup or grease 


(f) All grease lubricated 
filling. A calcium base 


parts: 


grease of NLGI No. 3 
or a Lithium base grease 
of NLGI. No. 3. 





(g) Grease lubricated Ball A high quality soda base 
and Roller Bearings: grease of NLGI No. 3 if 
the bearing does not come 

in contact with water ora 

calcium or Lithium base 

grease of NLGI. No. 3 


Even the best lubricant is not invulnerable and 
therefore in order to obtain satisfactory and economical 
results from a charge of lubricant the undernoted 
precautions are worth taking in respect of hydraulic 
turbine installations. 


1. Storage:—The oils and greeses must be properly 
stored so as to prevent contamination of any kind 
and also exposure to heat of ony kind, in storage. 
The oil containers must be properly marked so as to 
obviate any risk of charging a bearing with any but 
the correct grade of lubricant. 


2. Defectsin plant:—The performance of the lubri- 
cant will obviously be dependent on the mechanical 
condition of the turbine as a whole and upon that of 
bearings and the lubrication system in p>rticular. 
These should be maintained in proper condition. For 
instance air leaks may cause foaming, water lee kage 
may cause emulsification and sluggish flow of oil. 


3. Incorrect size oralignment of pipes:—Pipes should 
be carried in such a way asto p‘event aeration. Oil 
pipes should be adequete in size so as not to restrict 
flow at any stage; Ifconnected to gasloaded accumula- 
tors, pipesmust be soarranged as toallow for adequate 
rate if air release on the L. P. side to prevent air 
entrainment. 


4. Impurities in the system:—All impurities and 
adventitous matter should be removed from the oil 
by p*oper purification. A purifier may be included in 


the oil circulating system #nd the oil may be purified 
periodically by batch purification. 


5. Coolers:—Oil coolers must be adequate in size 
and well maintained so as to achieve efficient cooling. 


6. Periodic checking of the condition of the oil in 
circulation:— 


It would be good practice to have the oil checked 
periodically for the following characteristics, 

Specific Gravity; 

Flash point; 

Viscosity; 

Demulsibility; 


Total acidity. 











A Report on a Design 





and Development of a Model Francis Turbine 





A brief report on the design features and _perfor- 
mance of a Francis Turbine made at the P. S. G. 
College of Technology is presented in this paper. 


SPECIFICATION 


The output and total head of the Frencis Turbine 
were selected to be 4.3 H.P. and 48 ft. head of water 
respectively, taking into consideration the availability 
of the testing equipment in the hydraulic laboratory. 
As we have plans to make reaction turbines of 
different specific speeds, we selected a value of 25 to 
this unit. The speed of the turbine is a synchronous 
speed of 1500r. p.m. 


RUNNER DESIGN 


Assuming an overall efficiency of 75%, discharge 
was calculated to be 400 g.p.m, the following 
emp'rical relations have been used in the design of the 
Francis runner. 





S. ces. 2 wore, Pewes 
a/ 2g a D, D, 


where H = Head in feet of water 
U, = Peripheral velocity at inlet in FPS. 
B = Height of the guide vane. 
D, = Diameter of runner at inlet. 
D, = Diameter of runner at outlet. 


nN 


The number of vanes has been taken as ten. 


Thenumber of guide vanes bas been selected as 
eight, in order to prevent periodic flow-rate varia- 
tions when the runner vanes p'ss over the guide vanes. 
The number of stay vanes or speed vanes is also made 
equal to that of guide vanes. 


Discharge is axial and the entry is radial for the 
given specification. The velocity of flow is 0.15 
a/ 2gH and speed ring vane angle is 12°6’. 


The shape of the runner is as shown in Fig. 2. The 
runner is keyed to the shaft and is held in position by 
a stream-lined nut, so that the curvature of the inner 
contour is uniform throughout. 


DEVELOPMENT OF VANES 


The inlet and outlet angles heing tixed, the shape of 
the vane between these points has to be designed to 
give steady motion to attain maximum efficiency. 
Hence it h»s been done such that the passages are 
nowhere divergent, and that any change of curvature 
is as gradual as possible. 


The runner space is divided into four stream tubes 
having equal tlow rete, using the method of “equal 
area construction’’. Then each of the five flow lines 
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(including the inner and outer contours) is developed 
to give the true length on paper by error triangle 
method, where again the curves are drawn by mid- 
oldinate construction. 


Then the plan view is developed by circular pro- 
jection. The plan views ofall the fivelinesare arranged 
such that the inlet edge is inclined parallel to the exis 
by 10°. The outlet ends of all the curves in plan view 
are joined by a smooth curve which forms the outlet 
edge of the vane. Then the runner, in elevation, is 
cut by a number of planes perpendicular to the axis, 
at intervals of 1/8”. Tbe lines of intersection of the 
planesand the vane are then projected on to the plan 
view to get the pattern views. The shape of the 
pttern views cut from 1/8” planks when piled one 
over the other gives the sui face of the vane. From the 
wooden pattern aluminium vane patterns are made. 


The thickness of vane was taken as 1/8” giving con- 
sideration to the workability during moulding. With 
the co-operation of the skilled steft of the P. S. G. 
Industrial Institute, it was possibleto make a runner 
with smooth vanes pertaining to the designed 
shape. 


DESIGN OF OTHER PARTS 


Spiral casing:—A circular section is used and the 
velocity of water over the entire periphery is kept 
constant at a value of 0.154/2gH. Hence the area at 
any ctoss section decreases proportional totbe angular 
displacement of that cross-section from the inlet of 
the spiral casing. The casing is cast of }” thick cast 
iron. 


Guide vanes:—The shape of the guide vane is such 
that it will produce free vortex, guiding the water 
through the designed angle. The losses due to shock 
at entry and flow through the duct are minimised by 
streamlining the vanes. The eight gun metal guide 
vanes are controlled by a guide ting assembly. 


Assembly:—The two inch diameter: shaft is of mild 
steel and is lined with gun metal bush where it comes 
in contact with water to avoid corrosion. The loading 
ol the turbine is done by rope brake ona brake drum 
of 12 inches diameter. Two ball bearings capable of 
taking end thrust are used. The sectional assembly is 
shown in Fig. 1. 


Results and conclusion:-- The characteristic curve is 
given in Fig. 5. The maximum efficiency of the unit 
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is 71%. But for this low efficiency, the operation of 
the turbine is very close to the design specifications. 
With the experience gained, it is hoped that the effici- 
ency of the other units now under construction will 
be comparable to any other foreign make. For testing 
we made use of the Universal Test Rig available in 
our hydraulic laboratory. 


Acknowledgement 


This scheme is being carried out under the financial 
aid from the Councial of Scientific & Industrial Re- 


135 


search, New Delhi. The design and the production of 
the unit in such a short time was possible due to the 
close collaboration of Sri. R. K. K. R. Govindarajan 
(Asst. Prof.in Mechanical Engineering, P.S.G. College 
of Technology) and his constant inspection during 
every phase of work from the drawing table to the 


» assembly. Acknowledgements are also due to Sri. 


S. Nagaratnam (Asst. Prof. , Civil Engineering, P.S. G. 
College of Technology) for his guidance whenever 
necessary and also to Sri. K. M. Srinivasan (Senior 
Research Assistant, P.S.G. College of Technology) in 
assisting during erection and tests. 





Continued from page 105) 


Effect of Blade Number on the Torque/Slip Characteristics of a Small Fluid Coupling 


4. Variations in the number of bladesina coupling 
considerably affect the torque/slip characteristic, 
The optimum number of blades appear to be fairly 
critical and gives both the best torque characteristic 
and the least “shock” losses, 


5. It is confirmed by results of the N. E. L. and full 
size couplings, that the theoretical analysis by Uprecht 
gives an approximate method of determining the main 
characteristics of a fluid coupling. The results from 
the small N. E. L. coupling show greater scatter than 
Oprecht’s results, due probably to the wider scope 
ofthe tests. An empirical correction has been sugges- 
ted to correct for these effects. 
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Report of the Discussion 





The 48 papers received were discussed in five ses- , 


sions. During the first Session 16 papars received on the 
subject of Hydraulic Turbines were discussed. This 
Session was presided over by Sri. P. Govindakrish- 
nayya. Principal, College of Engg. Anantapur. 


It was generally felt that steps should be taken 
immediately to initiate research on fundamental and 
basic problems pertaining to bydraulic machines in the 
country. It was also felt that steps should be taken 
to standardize acceptance tests turbines by model 
testing in laboratories outside those of the manufac- 
turer. The purchasers of thehydraulic turbines could 
assist the research workers in requesting the manufac- 
turers to supply the model of the turbine they were 
buying. Thee was very little scope for further im- 
proving the efficiencies. But their sizes could be made 
smlerif more research work on cavitation was under- 
taken. The size of the turines should be limited to the 
transporting capacity of our railways and roads. As 
far as possible the size of the units specified should be 
suchastobe cap ble of being manufactured inthecoun- 
try itself. A certain amount of standardization was 
necessary in some of the equipment in power houses to 
facilitate their manufacture in the country and to 
facilitate interchangability of parts. So far as design 
of draft tubes were concerned, it could be best done at 
the various hydraulic research stations established in 
several states of the country. This should not be left 
tothe msnufacturer, who being very faraway from the 
power site could not completely visualize all the flow 
conditions under which draft tubes made had to work 
both befov-s and after the plant was installed. While 
the minufacturers could design their draft tubes on 
the basis of data supplied to them their designs should 
further be scrutinized by model studies in the local 
hydraulic research stations. The new types of turbines 
of Mr. Deriaz and Mr. P. Danel were full of promise 
and should be used under conditions where they could 
work efficiently. Conditions in India have still not 
come to a stage where pump storage schemes could be 
thought of seriously. However, it was felt that preli- 
minary studies could be usefully made regarding power 
generation from tidal estuaries. The papers on the 
design of Model turbines attracted attention. 


Sixteen Papers were received for the Second Session 
on Pumps. This Session was presided over by: Sri. 
Lalchandani, Chief and Hydraulic Engineer, Jyoti 
Pumps, Ltd., Baroda. 


Similar feelings were also voiced that a hydraulic 
research centre was an urgent necessity for the coun- 
try. The existing hydraulic machines laboratory of 
the Indian Institute of Science should be encouraged 
to make a beginning in hydraulic research by starting 
# separate unit for this purpose. A few ofthe manufac- 
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turers representatives present felt that the research 
unit should be capable of not only doing development 
work but it should also be able to furnish designs to 
manufacturers when requested. Prof. N. 8. Govinda 
Rao described in detail the new theory for designing 
axial flow pumps. He described the characteristics of 


the impellers designed to produce vortices which have 


a function between a free and a forced vortex. Sri 
Lalchandani dealt with the input aspect of a centrifu- 
gal pump. It was felt that the studies made regarding 
prevention of vortices pumps were very useful. A 
p%per on the high discharge low head pump designed 
at the Institute evoked interesting discussion. 


The third Session was devoted to discussions on 
hydro dynamics of turbo machines. This Session was 
presided over by Professor N. 8. Govinda Rao, Indien 
Institute of Science. 


The various stages of cavitation in hydraulic 
machines were discussed. Attempts made at theoretical 
estimates of the extent of cavitation likely to occur in 
the proto-type of a machine were largely yet in preli- 
minary stages. Further researc work was necessary. 
The discussions centred round the physical causes of 
cavitation, the causes of inception of cavitation and 
the methods of predicting cavitation effects on proto- 
types from model studies. It was felt that research 
work should be concentrated on predicting cavitation 
on the various parts of a pump individually and col- 
lectively and study their characteristics on the effi- 
ciency and performance of pumps. 


In the Fourth Session six papers were discussed on 
Testing of Hydraulic Machines and other miscellaneous 
sutjccls. This Session was presided over by Prof. 
N.S. Govinda Rao. 


It was felt that serious attempts should be made to 
standardize all sizes of pumps as have been done in 
Germany and other countries. Standardization of 
turbines should also be undertaken. Electronic type 
of governors were considered more suitable than the 
hydraulic type for operations of large grid systems. 
The importance of initiating research in this very 
important field of automation inthe power generation 
industry was felt. 


The paper on Design of Foundations for Heavy 
Machines was welcomed. 


The Session closed with a vote of thanks to the 
several Sectional Chairmen and to the various dele- 
gates who took part in the Symposium. 
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1942 to 1954 and Vice President in 1954. 


He isthe holder of some forty patents on air distri- 
bution outlets, air conditioning controls, radio con- 
trolled garage door operators, speed governors for 
prime movers,automaticaircraft engine synchronizers, 
and associated devices. His published papers include 
the magazinearticle “Basic Factorsin Applying Speed 
Governors” published in Machine Design, “The Noise 
Characteristics of Air Supply Outlets (Ashve) 
“Governors on Internal Combustion Engines’ (Dema) 
“Governing of Internal Combustion Engines” ASME, 
OGP Div), “The Development of Gas Turbine 
Controls” (ASME), and “Speed Control of Prime 
Movers” (AIEE). 
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Mr. D. Firth is Head ofthe Fluid Mechanics Division, 
National Engineering Laboratory, Glasgow. 


Mr. I. S. Pearsall is Senior Scientific Officer, 
National Engineering Laboratory, Glasgow. 


Mr. C.N. Nagaraj stu- 
died in Central College, 
Bangalore, from where 
he took his B.Sc. degree 
_in 1942. Graduated (in I 
Class) in Civil Engineering 

from the University Col- 
: lege of Engineering Ban- 
galore.Recipientot a Gold 
Medal at the University 
Convocation in 1946.Wor- 
ked in Mysore P.W.D. for 
3 years and was asso- 
ciated with the design and 
construction of univer- 
convocation Hall. As Assistant Engineer Cons- 
truction in the Indian Telephone Industries. he was in 
charge of design, lay out and excution of industrial 
buildings, hangars, sanitary and water supply instal- 
lations and over civil engineering works. Joined the 
Indian Institute of Science, Bangalore in 1952 for 
teaching post-graduate students in Power Engineer- 
ing. 





He was deputed toEngland in 1955 for one year for 
post-graduate work at the Imperial College, London 
and for training in vibrations in soils. As Assistant 
Professor in Soil Mechanics, he is running 2 Master’s 
Degree coursein this subject and is actively connected 
with guiding, conducting reseech in the field of soil 
dynamics i.e. the study of the behaviour of soils 
under dynamic loads. He has been in charge of the 
research schemes sponsered by the C.8.1.R. and 
C. B.I. P. in this field and has published papers con- 
nected with foundations of machines. 


Dr. Ing. h. c.K. Rutschi 
is ownerand directorofthe 
Brugg Pump Factory at 
Brugg (Switzerland) Aca- 
demic degree h.c. of the 
Braunschweig Institute of 
Technology Technische 
Hochschule (Prof. Dr. ing. 
C. Pflederer). Hepublished 
several hydraulic findings 
with pumps, such as on 
cavitation, model testing, 
standardization and good 
design. Dr. Rutschi took 
and active part indiscuss- 
ing hydraulic problems . 
at international meetingsfor hydraulicresearch. Heis 
also technical advisor of several pump manufacturers 
in Europe and overseas, his pump consti uctions being 
manufactured under license in 18 countries the world 
over. 
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K. Seetharamiah took his 
B. E. Degree examination 
of Mysore University in 
1935 in Civil Engineering. 
Certificate of proficiency 
in Electrical Technology 
Indian Institute of Science, 
Bangalore, 1937. 


Worked in various capa 


cities in the following 
f hydro-electric projects 
during 1938. (a) Jog 
yower scheme, Govt, 





Be of Mysore (b) Chambal Hy- 

dro-Electric Project  (c) 
{adhanagar Hydro Electric Project (d) Koyna Hydro- 
Electric Project. Since July 1951 joined the Indian 
Institute of Science as Assistant Professor in Civil 
and Hydraulic Engineering. 


Went to U.S. A. under the T.C. M. programme for 
one yerran worked at California Institute of Techno- 
logy, Pasedena, Los Angeles and at Madison, Wiscon- 
sin and U.S. B. R. Denver, Colorado. 


Hs published more than a dozen papers in Indian 
journals. 


Mr. G. A. J. Young is with the British Hydro- 


Mechanics Research Association. 


Mr. P. Govinda Krishnayya is Principal, College of 
Engineering, Anantapur (Andhra Pradesh) 


Mr. G. R. Damodaran was 
educated in Sarvajana High 
School, Peelamedu, Coim- 
batore, Government Arts 
College, Coimbatore, and 
King’s College, Neweastle- 
Tyne, Durham University, 
United Kingdom. Took up 
B. Sc. Degree in Electric 


Engineering, and B. Se. 
Degree in Mechanical 
Engineering from _ the 


Durham University. 


Returned to Indian after 
study abroad and assumed 
charge of Director, P.S. G. 
[Industrial Institute, Peelamedu, Coimbatore from 

1943. 
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Toured extensively in the year 1949 the United 
States of America and the Continent. 


In 1951 the P. 8. G. College of Technology was 
started and Sri. Damodaran became the Principal. 


Was Member of Parliament (Lok Sabha) for a 
period of five years from 1952-57. Was elected to the 
Madras Legislature Council from the Teachers’ Cors- 
tituency and is serving asa Member from April, 1958. 


Went as a member of Top Management Organisa- 
tion and Training Team sent abroad by the National 
Productivity Council, Government of India, and 
toured U. K., West Germany and the United States 
during September-October, 1959. 


Is serving in the following Bodies and Committees 
Chairman, Board of Studies in Engineering, Univer- 
sity of Madras. Member, Syndicate, Senate and Acade- 
mig Council University of Madras, Member, Electrical 
and Mechanical Engineering Research Committee, 
Council of Scientificand Industrial Research, Govern- 
ment of India, Director, Neyveli Lignite Corporation 
Limited, Neyveli, Member of Institution of Electrical 
Engineers, London and several othe1 deaing profes- 
sional institutions. 


Mr. K. A. Abdul Rahman 
studied Applied Electronics 
and got a Diploma (R. H. 
A. E. (Grad) ofthe Institute 
of Applied Electronics, Cal- 
cutta. Served for sometime 
as Junior Engineer in 
the Parambikulam—Aliyar 
Project ofthe MadrasState, 
P.W.D. For the past one 
and a half years, he has 
been engaged as ‘Senior 
Research Assistant’ in P. 8. 
G. College of Technology 
under the scheme “Design 
and Development of Water 
Xeaction Turbines of Small Capacity” sponsored by 
the Council of Scientific and Industrial Research 
Scheme, New Delhi; and doing research under the 
guidance of Prof. G. R. Damodaran. 
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Pipe made from “Union Carbide” 
Polyethylene takes water anywhere on your 
farm. It is light-weight and easy to install ... 
you can haul and handle it yourself. Being 
chemically inert, pipe made from ‘Union 
Carbide” Polyethylene won’t rust, scale or be 
affected by soil acids. 


UNION | 
CARBIDE 


Write to us and we shall be happy to place 
you in touch with manufacturers of pipe made 
from ‘Union Carbide” Polyethylene. 

Union Carbide India Limited will soon 
manufacture Polyethylene at Trombay Island, 


Polyethylene =. 


INDUSTRIAL PRODUCTS SALES DIVISION 
UNION CARBIDE INDIA LIMITED 


Formerly NATIONAL CARBON COMPANY (INDIA) LTD. 
BOMBAY e@ CALCUTTA @ DELHI e@ MADRAS 
The term UNION CARBIDE is a registered trade mark of Union Carbide Corporation, U.S.A. NCC 3634 





Printed and published by P. K. Menon from Inland Printing Works 60/3 Dharamtala Street, Calcutta 13 
Editorial & Managerial Office : 6/2 Madan Street, Calcutta 13 


ge ene were 





tegd. No. C 3873 


Heating without heat... 


.».a modern production tool 


THER-MONIC 


INDUCTION HEATING EQUIPMENT FOR 
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INDUCTION HEATING CORPORATION, BROOKLYN, U.S.A. 


Distributors : 


MOTWANE , 





> | 
PRIVATE LIMITED jj ) 
Incorporating Y W) 
EASTERN ELECTRIC & ENGINEERING COMPANY PRIVATE LIMITED yx Z 
And Ss fia? 
CHICAGO TELEPHONE & RADIO COMPANY PRIVATE LIMITED => — 
Electronic. Electrical & Mechanical Engineers and Contractors ee 


127 Mahatma Gandhi Road, P.B No. 1312, Bombay-! Phone: 252337 (3 lines) Grams: CHiPHONE all offices 
Bronches at: New Delhi, Calcutta, Lucknow, Kanpur, Madras, Bangalore and Secunderabad 
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